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same degree that the earth is now heated. The surface of such a 
sphere is 2,170,000,000 times greater than the angular dimensions of 
the earth as seen from the sun, and hence the earth receives less than 
one two-billionth part of the solar radiation. The rest of the solar 
rays are, so far as we know, lost in space. 

Solar Temperature. — From the amount of heat actually radiated by 
the sun, attempts have been made to determine the actual tempera- 
ture of the solar surface. The estimates reached by various authori- 
ties differ widely, as the laws which govern the absorption within 
the solar envelope are almost unknown. Some such law of absorp- 
tion has to be supposed in any such investigation, and the estimates 
have differed widely according to the adopted law. 

Secchi estimates this tempernture at about 6,100,000*' C. Other 
estimates are far lower, but, according to all sound philosophy, the 
temperature must far exceed any terrestrial temperature. There can 
be no doubt that if the temperature of the earth's surface were sud- 
denly raised to that of the sun, no single chemical element would re- 
main in its present condition. The most refractory materials would 
be at once volatilized. 

We may concentrate the heat received upon several square feet 
(the surface of a huge burning-lens or mirror, for instance), examine 
its effects at the focus, and, making allowance for the condensation 
by the lens, see what is the minimum possible temperature of the 
sun. The temperature at the focus of the lens cannot be higher than 
that of the source of heat in the sun ; we can only concentrate the 
heat received on the surface of the lens to one point and examine its 
effects. If a lens three feet in diameter be used, the most refractory 
materials, as fire-clay, platinum, the diamond, are at once meltea or 
volatilized. The effect of the lens is plainly tbe same as if the eavlU 
were brought closer to the sun, in the ratio j^^^diameter of the 
focal image to that of the lens. In the case '"'^^^NP ofthjg^^'^» 
allowing for the absorption, etc., this dir ^ H^ ■*^'^ 

that of the moon from the earth, so tint' j ^^ 

planet so close as this to the sun, f I ^ 

those in the earth, must be vapo • 

8uv-SPo: 

A Tery cursory ezamlnatl 
•cope will generally show oi 
sphere. These are of vaH'" 
in diameter (1000 kilome. 
of arc in extent. 
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Solar spots geDentllj have a dark central nveimu or umbra, sur- 
rounded by a border or p«numdm of grayiah lint, intermediate in 
shade between tbe central blackness and the briglit pliotospbere. 
Bj increasiug tbe power of the lelescope, tlie spots are seen lo be of 
very complex forms. The umbra is often eitremely irregular in 
■hape, aud is sometimes crossed by bridges or ligaments of sliiniLg 
matter. The penumbra ia composed of Hlumeots of bvigbler and 
darker light, which arc armiiged in slriEe. Tlic genci-al aspect of a 
spot under considerable magnifying power is shown in Fig. 59. 

The first printed account of solar spots was given by Fabritidb in 
ISll, and Qaulko in the same year (Hay, 1611) also described them. 




Qalilbo's observations showed them to belong to the sun ilsclf, and 
to move uniformly across the solar disk from east to west. A spot 
]uat visible at the east limb of the sun on any one day travelled slow- 
ly across the disk for 12 or 14 days, when it reached the weEt limb, 
i- behind which it disappeared. After about Ibc same period, it reap- 
-^ pears at the eBstern limb, unless, as is often the case, it has in the 
^■MU time vanished. 
VKha apots are not permanent in ihcir nnture, but ore formed some- 
^^■U lie sun, and disappear after lasting a few days, weeks, or 
^^H t so loDg as iliuy last they move regularly from east to 

^H 'a apparent disk, making one complete rotation in 
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The present treatise is a condensed edition of the Astronomy of 
the American Science Scries. The book has not been shortened by 
leaving out anything that was essential, but by oinittiug some of the 
details of practical astronomy, thus giving to the descriptive por- 
tions a greater relative extension. 

The most marked feature of this condensation is, perhaps, the 
omission of most of the mathematical formulae of the larger treatise. 
The present w^ork requires for i*s understanding only a fair acquaint- 
ance with the principles of algebra and geometry and a slight 
knowledge of elementary physics. The space which has been gained 
by these omissions has been utilized in giving a fuller discussion of 
the more elementary parts of the subject, and in treatmg the funda- 
mental principles from various points of view. 

A familiar and secure knowledge of these is essential to the 
students' real progress. The full index makes the work of value as 
a reference-book to a student who has studied it aud put it aside. 

As in the larger work, the matter is given in two sizes of type. It 
will be found that the larger type contains a course practically com- 
plete in itself, and that the matter of the smaller type is chiefly ex- 
planatory of the former. It is highly desirable, however, that the 
book should be read as a whole, while the actual class work may be 
confined to the subjects treated in the larger type, if the class is 
pressed for time. A celestial glooe, and a set of star-maps (Proc- 
tor's " Half -Hours with the Stars " is as good as any), will be found 
to be of use in connection with the study ; and if the class has access 
to a small telescope, even, much can be learned in this way. A mere 
opera-glass will suffice to give a correct notion of the general features 
of the moon's surface, and a very small telescope, if properly used, 
will do the same for the larger planets. 
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ASTRONOMY; 



INTRODUCTION. 

Astronomy Defined. — Astronomy {affrtfp — ^a star^ and 
y6iio<5 — a law) is the science which has to do with the 
heavenly bodies^ their appearances^ their nature^ and the 
laws governing their real and their apparent motions. 

In approaching the study of this the oldest of the 
sciences depending upon observation, it must be borno in 
mind that its progress is most intimately connected with 
that of the race, it having always been the basis of geog- 
raphy and navigation, and the soul of chronology. Some 
of the chief advances and discoveries in abstract mathe- 
matics have been made in its service, and the methods 
both of observation and analysis once peculiar to its prac- 
tice now furnish the firm bases upon which rest that great 
group of exact sciences which we call Physics. 

It is more important to the student that he should be- 
come penetrated with the spirit of the methods of astron- 
omy than that he should recollect its minutiaB ; and it is 
most important that the knowledge which he may gain 
from this or other books should be referred by him to its 
true sources. For example, it will often be necessary to 
gpeak of certain planes or circles, the ecliptic, the equa- 
tor, the meridian, etc., and of the relation of the appa- 
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rent positions of stars and planets to them; but his labor 
will be useless if it has not succeeded in giving him a pre- 
cise notion of these circles and planes as they exist in the 
sky, and not merely in the figures of his text-book. Above 
all, the study of this science, in which not a single step 
could have been taken without careful and painstaking 
observation of the heavens, should lead its student himself 
to attentively regard the phenomena daily and hourly pre- 
sented to him by the heavens. 

Does the sun set daily in the same point of the horizon? 
Does a change of his own station affect this and other 
aspects of the sky? At what time does the full moon rise? 
Which way are the horns of the young moon pointed? 
These and a thousand other questions are already answered 
by the observant eyes of the ancients, who discovered not 
only the existence, but the motions, of the various planets, 
and gave special names to no less than fourscore stars. 
The modern pupil is more richly equipped for observation 
than the ancient philosopher. If one could have put a 
mere opera-glass in the hands of Hipparchus the world 
need not have waited two thousand years to know the 
nature of that early mystery, the Milky Way, nor would it 
have required a Galileo to discover the phases of Venus 
and the spots on the sun. 

Astronomy furnishes the principles and the methods by 
means of which thousands of ships are navigated with 
safety and certainty from port to port ; by which the 
dimensions of the earth itself are fixed with high precision; 
by which the distances of the sun, the planets, and the 
brighter stars are measured and determined. The details 
of these methods cannot be given in an elementary work ; 
but the general principles and even the spirit of the special 
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methods can be entirely mastered by the faithful student. 
All the attention which he can bring will be richly reward- 
ed by the insight he will gain into the noblest of the physi- 
cal sciences. 

How to Study Astronomy. — There are a few principles 
of Mathematics, of Geography, of Physics, which must bo 
clearly understood by the student commencing astronomy, 
BO that he may go on with advantage. Tliey are all quite 
simple, but they must be entirely fixed in the mind, in 
order that the attention may be directed to tho astronomical 
principle and not diverted by an attempt to recollect a fact 
from another science. Any patience and eoneenfcration 
which the student may bestow upon tlicm at the outset 
should be rewarded by the facility witli which tliey will 
enable hiui to grasp the more interesting portions of the 
subject. The few definitions which are given in italics 
should be memorized in the words of tho text. In all other 
cases it is preferable that the student should give his own 
explanations in his own words. 

First we will go briefly over some of the essential mathe- 
matical principles alluded to. 

Angles: their Keasorement. — An angle is the amount 
of divergence of two right lines. For example, the angle 
between the two right lines S'E and 
S'E is the amount of divergence of I 
these lines. The angle S'SS' is the I 
amount of divergence of the two lines I 
. S'B and S'E. The eye sees at once I 
that the angle S'ES* in the figure u 

greater than the angle S'ES', and I 

that the angle S'ES* is greater than j^. ^ 

either of them. 
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In order to compare them and to obtain their numerical 
ratio, we must have a unit-angle. 

The unit angle is obtained in this way: The circumfer- 
ence of any circle is divided into 360 equal parts. The 
points of division are joined with the centre. The angles 
between any two adjacent radii are called degrees. In the 
figure, S'ES' is about 12°, S'ES' is about 22% S'ES' is 
about 30°, and 8'ES' is about 64°. The vertex of the 
angle is at the centre E : the measure of the angle is on 
the circumference S^S^S*S\ or on any other circumference 
drawn from ^ as a centre. 

In this way we have come to speak of the length of one 
three-hundred-and-sixtieth part of any circumference as a 
degree, because radii drawn from the ends of this part 
make an angle of 1°. 

For convenience in expressing the ratios of different 
angles we have subdivided the degree into minutes and 
seconds. The degree is too large a unit for some of the 
purposes of astronomy, just as the metre is too large a unit 
for use in the machine-shop, where fine work is concerned. 

One circumference = 360" = 21600^ = 1296000" 

I'' = 60' =360" 
1' = 60' 

When we wish to express smaller angles than seconds, 
we use decimals of a second. Thus one-quarter of a second 
is 0'.26; one quarter of a minute is 15^ . 1 

The Badius of the Circle in Angular Measure. — If R is 
the radius of a circle, we know from geometry that 1 cir- 
cumference =z 2 TT R, where tt = 3.1416. That is, 

2 7ri?= 360** = 21600' = 1296000' 
or B = 57°.3 = 3437.7 = 206264'.8. 
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By this we mean that if a flexible cord eqnal in length 
to the radius of any circle were laid round the circumfer- 
ence of that circle, and if two radii were tlien drawn to the 
ends of this cord, the angle of these radii would be 57°. 3, 
3437'.7, or 206264^8. 

It is important that this should be perfectly clear to the 
student. 

For instance, how far off must you place a foot-rule in 
order that it may subtend an angle of 1° at your eye? 
Why, 67.3 feet away. How far must it be in order to sub- 
tend an angle of a minute ? 3437.7 feet. How far for a 
second ? 20626478 feet, or 'over 39 miles. 

Again, if an object subtends an angle of 1° at the eye, 

we know that its diameter must be -rz-^ as great as its dis- 

tance from us. If it subtends an angle of 1", its distance 
from us is over 200,000 times as great as its diameter. 

The instruments employed in astronomy may be used to 
measure the angles subtended at the eye by the diameters of 
the heavenly bodies. In other ways we determine their dis- 
tance from US in miles. A combination of tliese data will 
give us the actual dimensions of these bodies in miles. 
For example, the sun is about 93,000,000 miles from the 
earth. The angle subtended by the sun's diameter at this 
distance is 1922^ What is the diameter of the sun in miles ? 

An idea of angular dimensions in the sky may be had by 
remembering that the angular diameters of the moon and 
of the sun are about 30'. It is 180° from the west point to 
the east point counting through the point immediately 
overhead. How many moons placed edge to edge would it 
take to reach from horizon to horizon ? The student may 
guess at the answer first and then compute it. 
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Ferhapg a more conTeaicnt measure is the apparent dis- 
tance apart of the " pointers" in the Great Dipper, which 
is 5". (See Fig. 7, page »!.) 

Plane Triangles. — The angles of which we hare been 
speaking are angles in a plane. In any plane triangle there 
are three sides and three angles — six parts. If any three of 
these parts {except the throe angles) are given we can 
construct the triangle. If the three angles alone are given 
we oan make a triangle which shall be of the right shape, 
and that is all. 




Spherical Triangles. — Besides plane angles and triangles, 
wo have to do with those drawn on the surface of a sphere 
— spherical triangles. This is necessary since tfte heavenly 
bodies are spherical in shape, and since they are seen pro- 
jected against the concave surface of the sky. 

The Sphere: Its Planes and Circles.— In the figure, is 
the centre of the sphere and ABE is one of its circles. 
Suppose a plane AB passing through the centre and cot- 
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ting the sphere into two hemispheres. It will intersect the 
surface of the sphere in a circle AEBF ^h\c\i is called a 
great circle of the sphere. A great circle of the sphere is 
one cut from the surface by a plane passing through the 
centre of the sphere. Suppose a right line POP' perpen- 
dicular to this plane. The points P and P' in which it 
intersects the surface of the sphere are everywhere 90° 
from the circle AEBF. They are th.Q poles of that circle. 
The poles of the great circle CEDF are Q and Q\ 

The following relations exist between the angles made 
in the figure: 

I. The angle POQ between the poles is equal to the in- 
clination of the planes to each other. 

II. The arc BD which measures the greatest distance 
between the two circles is equal to the arc PQ which 
measures the angle POQ. 

III. The points E and F, in which the two great cir- 
cles intersect each other, are the poles of the great circle 
PQACP'O/ BD which passes through the poles of the first 
two circles. 

The Spherical Triangle. — In the last figure there are 
several spherical triangles, as EDB, FAC, ECP'Q'B, etc. 
In astronomy we need consider only those whose sides 
are formed by arcs of great circles. The angles of the 
triangle are angles between two arcs of great circles; or what 
is the same thing, they are angles between the two planes 
which cut the two arcs from the surface of the sphere. 

In spherical triangles, as in plane, there are six parts, 
three angles and three sides. Having any three parts the 
other three can be constructed. 

The sides as well as the angles of spherical triangles are 
expressed in degrees, minutes, and seconds. If the student 



8 ASTRONOMY. 

has a globe before him^ let him mark on it the triangle 
whose angles are 

A 128° 44' 45M, 
B 33°iri2'.0, 
G 18°15'31M, 
and whose sides are {a is opposite to A,'bio By cio C.) 

a = 10°, J = 7°, c = 4°. 

Power of the Eye to see Small Objects. — ^When a ronnd 
object subtends an angle of V (that is, when it is about 
3437 of its own diameters away), it is just at the limit of 
visibility, under ordinary circumstances. At the Transit of 
Venus in 1874, the planet Venus was between the earth 
and the sun, and appeared as a small black spot, just visi- 
ble to the naked eye, projected on the sun's face. It was 
67*' in diameter. 

If two such discs are nearer together than V 12*', few 
eyes can distinguish them as two distinct objects. If a 
body is long and narrow, its angular dimensions (width) 
may be reduced to 10" or lb" before it is indistinguishable 
to the eye. For example, a spider line hanging in the air. 

If an object is very much brighter than the background 
on which it is seen, there is no limit below which it is nec- 
essarily invisible. Its visibility depends, in such a case, 
only on its brightness. It is probable that the diameters 
of the brightest stars subtend an angle no greater than 
0^01. 

Latitude and Longitude of a Place on the Earth's Surface. 
Geography teaches us that the earth is a spheroid. Posi- 
tions on its surface are defined by giving their latitude and 
longitude. According to geography, the latitude of a place 
on the earth's surface is its angular distance north or south 
of the equator. 
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7%e hngitttde of a place on the earth's surface is its 
angular distance east or west of a given first meridian. 

If P la the Qgare is the north pole of the earth, the 
latitade of the point S ia 60° north; of Z it is 30° north; 
of / it is 37°i south. All places having the same latitude 
are sitnated on the eame parallel of latitude. In the figure 
the parallels of latitude are represented by straight lines. 

All places having the same longitude are situated on the 




same meridian. We shall give the astronomical definitions 
of these terms further on. 

It ia found convenient in astronomy to modify the geo- 
graphical definition of longitude. In geography we say 
that Washington is 77° west of Greenwich, and that Syd- 
ney (Australia) is 151° east of Greenwich. For astro- 
nomical purposes it is found more convenient to count the 
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longitude of a place from the first meridian (usually 
Greenwich) always towards the west. Thus Sydney is 209** 
west of Greenwich. 360°-151"=209°. 

The earth turns on its axis once in 24 hours. In this 
time a point on its surface moves through 360 degrees, or 
such a point moves a^ the rate of 15° per hour. 360 divided 
by 24 is 15. 

Hence we may express the longitude of a place either in 
time or arc. Washington is 5^ 8°^ west of Greenwich, and 
Sydney is 13^ 56™ west of Greenwich. 

It is also indifferent which first meridian we choose. 
We may refer all longitudes to Paris, to Berlin, or to Wash- 
ington. Sydney is 8** 48°* west of Washington, and Green- 
wich is 18^ 52°* west of Washington. 

In the figure, suppose F to be west of the first meridian. 
All the places on the straight line PQ have a longitude of 
15° or 1 hour; all on the curve Pb^Q have a longitude 
of 75° or 5 hours; and so on. 

The difference of longitude of any two places on the earth 
is the ang^'lar distance hettoeen the terrestrial meridians 
passing through the two places. 

Thus Washington is 77° west of Greenwich, and Sydney 
is 209° west of Greenwich. Hence Sydney is 132° west of 
Washington, and this is the difference of longitude of the 
iwo places. 



SYMBOLS AND ABBREVIATIONS 



SIGNS OF THE PLANETS, ETC. 



® or 



O The Sun. 

(B The Moon, 

y Mercury. 

$ Venus, 

a The Earth. 



S Mars. 

U Jupiter. 

^ Saturn. 

^ Uranus. 

f Neptune. 



The asteroids are distinguished by a circle enclosing a number, 
which number indicates the order of discovery, or by their names, 
or by both, as |^) ; Hecate, 



SIGNS OF THE ZODIAC. 

1. f Aries. 

» Taurus. 

n Gemini. 

r4. © Cancer. 
Summer \ ^ ^ ^ 

< 5. ^ Leo. 

"'«"*• U. imVirgo. 



pring { I 

•s"'- Is. 



8p 

signs 



7. :£iz Libra. 

8. TTl Scorpius. 

9. # Sagittarius. 
10. V3 Capricornus. 

r Aquarius. 
''^'^- i 12. H Pisces. 



Autumn 

signs. 

Winter 



rlO. 

hi. 



The Greek alphabet is here inserted to aid those who are not already 
familiar with it in reading the parts of the text in which its letters 
occuT : 



Letters. 


Names. 


A a 


Alpha 


B ft 


Beta 


rr 


Gamma 


A 8 


Delta 


E e 


Epsilon 


zc 


ZetA 


Hv 


Eta 


^ B 


Theta 


It 


Iota 


Kk 


Kappa 


AX 


Lambda 


Mm 


Mu 



Letters. 
N V 

A 4 

O o 

n Tcic 

2 d ^ 
T r 
Tv 
$ q) 
Xx 

W 7p 

£1 (a 



Names. 

Nu 

Xi 

Omicron 

Pi 

Rho 

Sigma 

Tau 

Upsilon 

Phi 

Chi 

Psi 

Omega 
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THE METRIC SYSTEM. 

Thb metric system of weights and measures being employed in 
this volume, the following relations between the units of this system 
most used and those of our ordinary one will be found convenient for 
reference : 

MEASURES OF LENGTH. 

1 kilometre = 1000 metres = 0.62187 mile. * 
1 metre = the unit = 39.370 inches. 

1 millimetre = -^^^ of a metre = 0*03937 inch. 

MBASUKES OF WEIGHT. 

1 kilogramme = 1000 grammes = 2*3046 pounds. 
1 gramme = the unit = 15*432 grains. 



The following rough approximations may be memorized : 

The kilometre is a little more than ^^ of a mile, but less than | of 
a mile. 
The mile is ly'iy kilometres. 
The kilogramme is 2^ pounds. 
The pound is less than half a kilogramme. 

One metre is 3.3 feet. 
One metre is 39*4 inches. 



CHAPTER I. 

THE RELATION OF THE EARTH TO THE HEAVENS. 

The Eabth's Shape and DiHEKSiOKa 

The earth is a globe whose dimensions are gigantic 
when compared with our ordinary and daily ideas of size. 

Its shape is nearly a sphere, as has been abundantly 
proved by the accurate geodetic surveys which have been 
made by various nations. 

Of its size we may get a rough idea by remembering 
that at the present time it requires about three months to 
travel completely around it. 

To these familiar facts we may add two propositiojis 
which are fundamental in astronomy. 

I. The earth is C07npletely isolated in space. The most 
obvious proof of this is that men have visited nearly every 
part of the earth's surface without finding anything to the 
contrary. 

II. l%e earth is one of a vast number of globular bodies, 
familiarly known as stars and planets, moving according 
to certain laws and separated by distances so immense that 
the magnitudes of the bodies themselves are insignificant in 
comparison to these distances. The first conception which 
the student of astronomy has to form is that of living on 
the surface of a spherical earth which, although it seems of 
immense size to him, is really but a point in comparison 
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with the distances which separate him from the stars which 
he nightly sees in the sky. 

The Celestial Sphebe. 

When we look at a star at night we seem to see it set 
against the dark surface of a hollow sphere in whose centre 
we are. 

All the stars seem to be at the same distance from ns. 
When we stop to consider, we see that it is quite possible 
that some one of the many stars visible may be nearer 
than some other, but as we have no immediate method 
of knowing which of two stars is the nearer, we are driven 
to speak of their apparent positions just as if they were 
bright points studded over the inner surface of a large 
hollow globe, and all at the same distance from us. The 
radius of this globe is unknown. We do not, however, 
think of any of the stars as beyond the surfuce and 
shining through it. We therefore suppose the radius of 
the sphere to be equal to or greater than the distance of 
the remotest star. 

Students generally fail at the outset to realize two very 
important facts in relation to the celestial sphere. First, 
that for all the purposes of our present knowledge the 
relative positions of the stars on its surface do not vary. 
Maps were made of these positions centuries ago which are 
as correct now as old maps of portions of the earth. The 
motions of the earth present different portions of the celes- 
tial sphere to our observation at different times, and one 
who has not thought at all of the subject might by that 
fact be led to suppose that changes are taking place in the 
relative positions of the stars themselves. Most people, 
however, know that they can find the same groups of stars 
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— " consteUations^" as they are called — in diSerent direc- 
tions from the observer'B location on the earth, night after 
night; the difference in the directions being due to the 
earth's motions. Reflection on the foregoing vill help the 
student to realize the eccond important fact allnded to in the 
beginumg of this paragraph — that for most practical pur- 
poses of astronomy the earth may be regarded as a point 




in the centre of a hollow globe whose inside surface is 
spotted over with the stars, that hollow globe corresponding 
to the celestial sphere. In fact ingenious instruments to 
illustrate some of the truths of astronomy have been made 
of large globes of glass or other transparent substances, 
with the stars painted in their unvarying positions on the 
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inside surface, and the earth suspended at the centre by 
supports rendered as nearly inyisible as possible. 

Suppose an observer at the point in the figure. If he 
sees a star at the point Q it is clear that the real star may 
be anywhere in space on the line OQ, as at j^ for example, 
and still appear to be at Q. * 

Again, stars which appear to be at the points P, F, U, 
T, 8, Ry may in fact be anywhere on the lines OPy OVy 
OUy OTy 08y OR. Thus, if there were three stars along 
the line Ty they would all be projected at the point T ot 
the celestial sphere, and would appear as one star. 

The celestial sphere is the surface upon which we im^ 
agine the stars to be projected. 

The projection of a body upon the celestial sphere is the 
point in which this body appears to be, when seen from 
the earth. This point is also called the apparent position 
of the body. Thus to an observer at 0, T is the apparent 
position of any of the stars whose true positions are ty ty t. 
Hence it follows that positions on the celestial sphere re- 
present the directions of the heavenly bodies from the ob^ 
server y but have no necessary relation to their distances. 

If the observer changes his position, the apparent posi- 
tions of the stars will also change. 

We need some method of describing the apparent posi* 
tions of stars on the celestial sphere; to do this we im- 
agine a number of great circles to be drawn on its surface, 
and to these circles we refer the apparent positions of the 
stars. 

A consideration of Fig. 2 will show the correctness of 
the following propositions, which it is necessary should be 
clearly understood: 

I. Every straight line through the observer, when pro- 



BELATION OF THE EABTU TO THE HEAVENS. 17 

duced indefinitely^ intersects the celestial sphere in two 
opposite points. 

II. Eyery plane through the obseryer intersects the 
sphere in a great circle. 

III. For eyery such plane there is one line through the 
obseryer's position which intersects the plane at right 
angles. This line meets the sphere at the poles of the 
great circle which is cut from the sphere by the plane. 

Example: P P\ Fig. 2, is a line through perpendicular 
to the plane A B. P, P' are the poles of A B. 

IV. Eyery line through the centre has one plane perpen- 
dicular to it, which plane cuts the sphere in a great circle 
whose poles are the intersection of the line with the 
sphere. 

Example: The liue $§'has one plane (7 J9 through 
perpendicular to it, and only this one. 

The Hobizok. 

A level plane toucTiing the spherical earth at the point 
where an observer stands is called the horizon of that 
observer. 

This plane cuts the celestial sphere in a great circle, 
which is called the celestial horizon. The celestial horizon 
is therefore the boundary between the yisible and the in- 
yisible hemispheres to that obseryer. 

The Vertical Line. — The yertical line of any obseryer is 
the direction of a plumb-line where he stands. This line 
is perpendicular to his horizon. It intersects the celestial 
sphere in two points, called the zenith and the nadir of 
that obseryer. 

The zenith of an observer is the point where his vertical 
line cuts the celestial sphere above his head. 
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The nadir of an observer is the point where his vertical 
line cuts the celestial sphere below Ms feet. 
The zenith and nadir aro the poles of the horizon- 
Vertical Planes and Circles, — A vertical plane with re- 
spect to any observer is a plane which contains his vertical 
line. It mast pass through his zenith and nadir and must 
be perpendicular to his horizon. 

A vertical plane cuts the celestial sphere in a vertical 
circle. 
Ab 800D as we imagine an observer to be at any point on 
the earth's surface bis horizon 
is at once fixed; his zenith 
and nadir are also fixed. From 
his zenith nidiate a number 
of verticul circles which cut the 
celestial horizon perjicndion- 
larly, and unite again at his 
nadir. This is a system of 
lines and circles which every 
p,a.5_ person carries about with 

him, as it were, and which may serve him for lines to 
which to refer the apparent position of every star which he 
sees. 

Some one of these vertical circles will pass through any 
and every star visible to this observer. 

The altitude of a heavenly body is its elevation above the 
plane of the horizon measured on a vertical circle through 
the star. 

The zenith distance of a star is its angular distance from 
the zenith measured on a vertical circle. 

In the figure, ZSiB the zenith distance (5) of S, and 
S8 {a) is its altitude. ZSH'iB&n arc of a great circle; 
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the yertical circle through the star. ZS ff=a'\'S = 90®, 
and 5 = 90° - a or a = 90® - 5. 

The altitude of a star in the zenith is 90°; half way from 
the zenith to the horizon it is 45°; in the horizon it is 0°. 

The azimuth of a star is the angular distance from the point 
where the vertical circle through it meet& the horizon, to the 
north {or south) point of the horizon. 

In the figure, NH is the azimuth of 8. The azimuth 
of a star in the east or west is 90°. 

The prime vertical of an observer is that one of his verti- 
cal circles which passes through his east and west points. 

Co-ordmates of a Star. — The apparent position of a heav- 
enly body is completely fixed by means of its altitude and 
azimuth. If we know the altitude and azimuth of a star 
we can point to it. 

If, for example, its azimuth is 20° from north towards 
the west and if its altitude is 30°, we can point to the star by 
measuring an angle of 20° from the north point towards 
the west, which will fix the foot of a vertical circle through 
the star. The star itself will be on the vertical circle, 30° 
above the horizon. 

This point, and this alone, will correspond to the posi- 
tion of the star as determined by its altitude and azimuth. 

Numbers (or quantities) which exactly define the position 
of a body are called its co-ordinates. 

Hence altitude and azimuth form a pair of co-ordinates 
which fix the apparent position of a star on the celestial 
sphere. 

It must be remembered that these two co-ordinates give 
only the position of the projection of the star on the celes- 
tial sphere, and give no knowledge of its distance from the 
observer. The body may be any where on the line defined 
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by the position on the celestial sphere and the place of the 
observer. (See Fig. 4.) 

If we also know the distance of the star from the obser- 
ver, we know every possible fact as to its place in space. 

Thus, three co-ordinates suffice to fix the absolute position 
of a body in space j two co-ordinates suffice to determine its 
apparent position on the celestial sphere. 

These propositions suppose the place of the observer to 
be fixed, since the altitude and azimuth refer to an obser- 
ver in some one definite position. If the observer should 
change his place, the star remaining fixed, the apparent 
position of the star on the celestial sphere would change to 
him, owing to his own motion. The numbers which ex- 
press this apparent position — the altitude and azimuth of 
the star — would also change. 

But wherever the observer is, if he has these two co- 
ordinates for a star, the apparent place of the star is fixed 
for him. 

The Horizon. — Since the earth is spherical in form, and 
the horizon is a plane touching this sphere, every different 
place must have a different horizon. Wherever an observer 
goes on the earth's surface he carries an horizon, a zenith, 
and a nadir with him, and a set of vertical circles to which 
he can refer the positions of all the stars he sees. If he 
stays at a fixed point on the earth's surface his horizon is 
always fixed with relation to his vertical line. But the 
earth on which he stands is turning round its axis, and his 
horizon being tangent to the earth is moving also, and the 
vertical line moves with it. The stars stay in the same abso- 
lute places from year to year. The earth on which the 
observer stands is turning round from west to east. His 
horizon is thus brought successively to the east of the various 
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stars, which thus appear to rise higher and higher aboye 
it. (See Pig. 12^.) 

The earth continues its motion, and the plane of his ho- 
rizon finally approaches the same stars from the west and 
they set below it, only to repeat this phenomenon with 
every rotation of the earth. 

The horizon appears to each obseryer to be the stable 
thing, and the motion is referred to the stars. As a matter 
of fact it is the stars that stand still and the horizon which 
moves below them, causing them to appear to rise, and then 
above them, causing them to appear to set. 

The DirmKAL Motiok. 

The diurnal motion is that apparent motion of the sun, 
moon, and stars from east to west in consequence of which 
they rise and set. 

We call it the diurnal motion because it repeats itself 
from day to day. The diurnal motion is caused by a daily 
rotation of the earth on an axis passing through its centre 
called the axis of the earth. 

This axis intersects the earth's surface in two opposite 
points called the ?iorth and south poles of the earth. If the 
earth's axis be prolonged in both directions, it meets the 
celestial sphere in two points which are called the poles of 
the celestial sphere or the celestial poles. The north celes- 
tial pole corresponds to the north end of the earth's axis; 
the south celestial pole to the south end. 

The plane of the equator is that plane which passes 
through the eartVs centre perpendicular to its axis. This 
plane intersects the earth's surface in a great circle of the 
earth's -sphere which is called the eartKs equator {e q in 
Fig. 6). 
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This plane intarsects the celestial sphere in a great circle 
of this sphere which is called the celestial equator or equi- 
noctial {EQ in Fig. 6). 

The celestial equator is everywhere half way between the 
two celestial poles and thus 90" from each. The celestial 
poles are thus the poles of the celestial equator. 

Apparent Dinmal Kotion of the Celestial Sphere. — The 




ohserrer on the earth is ancoDscioos of its rotation, and 
the celestial sphere appears to him to revolve from east to 
weit around the earth, while the earth appears to remain 
at rest. The case is much the same as if he was on a 
steamer which is turning round, and as if he saw the har- 
bor-shores, the ships, and the houses apparently turning in 
an opposite direction. 
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So far as appearances are concerned, it is quite the same 
thing whether we conceive the earth to be at rest and the 
heavens to turn about it, or whether we conceive the stars 
to remain at rest and the earth to move on its axis. We 
can explain all the phenomena of the diurnal motion in 
either way. We must, however, remember that it really is 
the earth which turns on its axis and successively presents 
to the observer different parts of the celestial sphere. The 
parts to his east are just coming into view (rising above his 
horizon). The parts to his west are about to disappear, 
(setting below his horizon). 

Since the diurnal motion is an apparent rotation of the 
celestial sphere about a fixed axis, it follows that there 
D(iust be two points of this sphere that remain at rest; 
namely, the two celestial poles. Moreover, since the celes- 
tial poles are opposite points, one pole must be above the 
horizon and therefore a visible point of this sphere, and 
the other pole must be below the horizon and therefore in- 
visible. 

The celesitial pole visible to observers in the northern 
hemisphere is the north pole. To locate its place in the 
sky let the student look at the northern sky on any clear 
evening. 

He will see the stars somewhat as they are represented in 
the figure. 

In fact Fig. 7. shows the stars as they will appear to 
an observer in the month of August in the early hours of 
the evening. But the configurations of the stars can be 
recognized at any other time. 

The first star to be identified is Polaris, or the Pole Star. 
It may be found by means of the Pointers, two stars in the 
constellation Ursa Major, familiarly known as the Great 
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Dipper. The straight line through these stars, as shown 
in the figare, passes near Polaris. Polaris is IJ degrees 
from the true pole. There is no star exactly at the pole 
itself. 

The altitude of the pole-star above the hoiizon of any 
place is eqaal to the latitude of the place, as will be shown 




hereafter. Hence in most parts of the United States the 
north pole is from 30° to 45° above the horizon. In Eng- 
land it is 51°, in Norway 60°. 

The north-polar distance of a star is its angular distance 
from the north celestial pole. 



RELATION OF THE EARTH TO THE HEAVENS. 26 

The fallowing laws of the diurnal motion will now be 
clear: 

I. Every star in the heavens appears to describe a circle 
around the pole as a centre in consequence of the diurnal 
motion. 

II. The greater the starts north-polar distance the larger 
is the circle. 

III. All the stars describe their diurnal orbits in the 
same interval of tims, which is the time required for the 
earth to turn once on its axis. 

The circle which a star appears to describe in the sky in 
consequence of the diurnal motion of the earth is called the 
diurnal orbit of that star. 

These laws can be proved by observation. The student 
can satisfy himself of their correctness in any clear night. 

If the star's north-polar distance is less than the altitude 
of the pole, the circle which the star describes will not 
meet the horizon at all, and the star will therefore neither 
rise nor set, but will simply perform an apparent diurnal 
revolution round the pole. Such stars are shown in the 
figure. The apparent diurnal motion of the stars is in the 
direction shown by the arrows in the cut. Below the 
pole the stars appear to move from left to right, west to 
east ; above the pole they appear to move from east to 
west. 

The circle within which the stars neither rise nor set is 
called the circle of perpetual apparition. The radius of 
this circle is equal to the altitude of the pole above thia 
horizon^ or to the north polar distance of the north point 
of the horizon. 

As a result of this apparent motion each individual con- 
stellation changes its configuration with respect to the 
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horizon. That part of the constellation which ig highest 
when the group is above the pole becomes lowest when it 
is below the pole. This is shown in the figure, which 
represents a supposed constellation at diSerent times of the 
night as it revolves round the pole. The culmination of a 
star occurs when it is at its highest point above the hori- 
zon. The point of culmination is midway between the 
points of rising and setting. 
If the polar distance of a star exceeds the altitude of the 




pole, the star will dip below the horizon for a part of its 
diurnal orbit, and the greater the polar distance of the 
star the longer it will be below the horizon. 

A star whose polar distance is 90° lies on the celestial 
equator, and one half of \ta diurnal orbit is above and 
one half below the horizon. 

The son is in the celestial equator about March Slst and 
September 31st of each yeai, so that at these times the 
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days and nights are of equal length. This is why the 
celestial equator was formerly called the equinoctial. 

Looking further south at the celestial sphere, we shall 
see stars which rise a little to the east of the south point of 
the horizon and set a little to the west of this point, being 
above the horizon but a short time. The south pole is as 
far below the horizon of any place as the north pole is above 
it. Hence stars near the south pole never rise in our 
latitudes. The circle within which st^-rs never rise is called 
the circle of perpetual occultation. 

It is clear that the positions of the circles of perpetual 
apparition and occultation depend upon the position of the 
observer upon the earth, and hence that they will change 
their positions as the observer changes his. 

By going to Florida we may see groups of stars which 
are not visible in the latitude of New York. 

The Meridian,— The plane of the meridian of an observer 
is that one of his vertical planes which contains the earth^s 
axis. Being a vertical plane it must contain the zenith 
and nadir of the observer; as it contains the earth's axis 
it must contain the. north and south celestial poles. 

Different observers have different meridian planes, since 
they have different zeniths. 

The terrestrial meridian of an observer is the line in 
which the plane of his meridian intersects the surface of 
the earth. It is his north and south line. 

It follows that if several observers are due north and 
south of each other, they have the same terrestrial meridian. 

The celestial meridian of an observer is the great circle 
cut from the celestial sphere by the plane of that observer's 
meridian. Persons on the same terrestrial meridian have 
the same celestial meridian. 



28 ASTROJSOMT. 

Terrestrial meridians are considered as belonging to the 
places throngh which they pass. For example, we speak 
of the meridian of Greenwich or of the meridian of Wash- 
ington, and by this we mean the (terrestrial or celestial) 
meridian lines cut out by the meridian plane of the Boyal 
Obaervatoiy at Greenwich or the Naval Obaerratory at 
Washington. 

The Sufssai Koiioif xs Diffesekt Latitusss. 

Ab we have seen, the celestial horizon of an observer will 
change its place on the celestial sphere as the observer travels 
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from place to place on the surface of the earth. If he 
moves directly toward the north his zenith will approach the 
north pole; but as the zenith is not a visible point, the 
motion will be naturally attributed to the pole, which will 
seem to approach the point overhead. The new apparent 
position of the pole will change the aspect of the observer's 
sky, as the higher the pole appears above the horizon the 
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greater the circle of perpetual apparition, and therefore the 
greater the number of stare which never set. 

If the observer is at the north pole his zenith and the 
pole itself will coincide : halt of the stars only will be vis- 
ible, and these will never rise or set, but appear to move 
around in circles parallel to the horizon. The horizon and 
the celestial equator will coincide. The meridian will be 
indeterminate since 2' and P coincide; there will be noeast. 
and west line, and no direction but south. The sphere in 
this case is called ^parallel sphere, (See Fig. 9.) 




If instead of travelling to the north the obseiTer should 
go toward the equator, the north pole would seem to ap- 
proach his horizon. When he reached the equator both 
poles would be in the horizon, one north and the other 
south. All the stars in succession would then be visible, 
and each would be an equal time above and below the 
horizon. (See Fig. 10.) 

The sphere in this case is called a right spheie, because 
the diurnal motion is at right angles to the horizon. If 
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now the observer travels southward from the equator, the 
south pole will become elevated above his horizon, and in 
the southern hemisphere appearances will be reproduced 
which we have already described for the northern, except 
that the direction of the motion will, in one respect, be 
different. The heavenly bodies will still rise in the east 
and set in the west, but those near the equator will pass 
north of the zenith instead of south of it, as in our lati- 
tudes. The sun, instead of moving from left to right, 
there moves from right to left. The boundiug line be- 
tween the two directions of motion is the equator, where 
the sun culminates north of the zenith from March tiU 
September, and soilth of it from September till March. 

If the observer travels west or east of his first station, 
his zenith will still remain at the same angular distance 
from the north pole as before, and as the phenomena 
caused by the earth's diurnal motion at any place depend 
only upon the altitude of the elevated pole at that place, 
these will not be changed except as to the times of their 
occurrence. A star which appears to pass through the 
zenith of his first station will also appear to pass through 
the zenith of the second (since each star remains at a con- 
stant angular distance from the pole), but later in time, 
since it has to pass through the zenith of every place be- 
tween the two stations. The horizons of the two stations 
will intercept different portions of the celestial sphere at 
any one instant, but the earth's rotation will present the 
same portions successively, and in the same order, at both. 
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COBXESFOKOEirCE OF TEE TEBBEBTBUL AHI CELESTUL 



We have seen that the altitude of the pole ahove the 
iiorizon of any observer ehangsB as the observer changes 
Ilia place on the earth'a surface. The exact relation of the 
altitude of the pole and the horizon of any observer is 
expressed in the following Theorem: The altitude of the 
celestial pole above the horizon of any place on the earth's 
surface is equal to the lati- 
tude of that place. 

Let i, be a place on the I 
earth FSpQ, Pp being 
the earth's axis and E Q\ta 
cqnator. X is the zenith of 
the place, and H R its hori- 
zon, LOQ \3 the latitude I 
of L according to ordinary 
geographical deBnitiona; i.e., 
it ia the angular distance of 
L from the equator. Pro- 
long OP indefinitely to P' 
and draw LP' parallel to it. P' and P' are points on 
the celestial sphere infinitely distant from L. In fact 
they appear as one point since the dimensions of the earth 
are ranishingly email compared with the radius of the 
celestial sphere, which may be taken as large aa we please. 
We have then to prove that LOQ = P' LH. P OQ 
and Z L Hare right angles, and therefore equal. Z LP' 
^ =*ZOP' by conatrucfcion. Hence ZLH— ZLP' = 
P 0<i — ZOP',Qx the latitude of the point iip meas- 
ured by either of the equal angles LOQor P' LH. 
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If we denote the latitude by (p it follows that the N.P.D. 
(north-polar distance) of Z is 90° — q>. As an observer 
moves to various parts of the earthy his zenith changes 
position with him. In every position the N.P.D. of his 
zenith is 90° — q). If he is at the equator his 9? is 0° and 
his zenith is 90° from the north pole, which must there- 
fore be in his horizon. If he is at the north pole, 9? = -|- 
90° and the N.P.D, of his zenith is 0°, or his zenith co- 
incides with the north pole. If he is at the south pole 
(^ = - 90°) the N.P.D, of his zenith is 90° - (- 90**) 
or 180°. That is, his zenith is 180° from the north pole, 
or it must coincide with the south pole; and so in other 
cases. 

All this has just been shown (pages 28-30) in another 
way, but it is of the first importance that it should be not 
only clear but familiar to the student. When he sees any 
astronomical diagram in which the north pole and the hori- 
zon are laid down he can at once tell for what latitude this 
diagram is constructed. The elevation of the pole above 
the horizon measures the latitude of the observer, to whose 
station this particular diagram applies. 

Change of the Position of the Zenith of an Observer by 
the Diurnal Motion. — In Fig. 12 suppose nesq to repre- 
sent the earth and NB 8 Q the celestial sphere. The earth, 
as we know, is rotating on the axis NS, We have now to 
inquire what are the real circumstances of this motion. 
The apparent phenomena have been previously described. 
Remember that the vertical line of an observer is (practi- 
cally) that of a radius of the earth passing through his 
station. If the observer is at n his zenith is at N P. 
If he is at s his zenith is at S P. If the observer 
is in 45° north latitude, he is carried round by the 
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rotation of the earth in a email circle of the earth's surface 
whose plane is perpendicular to the earth's axis. This is 
the parallel of 45°, so called, and is indicated in the figure. 
His zenith is always directly above him, and therefore his 
zenith must describe each day a circle ML on the celestial 
sphere corresponding to this parallel on the earth; that is, 




a circle half way between the celestial pole and the celestial 
equator. Now, suppose the observer to be on the equator 
eq. Hia zenith will then be 90° from either pole. As the 
earth revolves on its axis his zenith will describe a great 
circle EQoji the celestial sphere. This circle is the celestial 
equator. An observer at 45° south latitude will have a 
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parallel 80 marked out on the celestial sphere by the 
motion of his zenith due to the earth's rotation, and so on. 
Thus, for each parallel of latitude on the earth we have a 
corresponding circle on the celestial sphere, and each of 
these latter circles has its poles at the celestial poles. 

Not only are there circles of the celestial sphere which 
correspond to parallels of latitude on the earth, but there 
are also celestial meridians corresponding to the various 
terrestrial meridians. The plane of the meridian of any 
place contains the zenith of that place and the two celestial 
poles. It cuts from the earth's surface the terrestrial 
meridian and from the celestial sphere that great circle 
which we have defined as the celestial meridian. To fix 
the ideas let us suppose an observer at some one point of 
the earth's surface. A north and south line on the earth 
at that point is the visible representative of his terrestrial 
meridian. A plane through the centre of the earth and 
that line contains his zenith, and cuts from the celestial 
sphere the celestial meridian. As the earth rotates on its 
axis his zenith moves around the celestial sphere in a 
parallel as Z L in the last figure. Suppose that the east 
point is in front of the picture, the west point being be- 
hind it. Then as the earth rotates the zenith ^will move 
along the line Z L from -^towards L. The celestial meri- 
dian always contains the celestial poles and the point Z, 
wherever it may be. Hence the arcs of great circles join- 
ing N,P, and S,P, in the figure are representatives of the 
celestial meridian of this observer, at different times dur- 
ing the period of the earth's rotation. They have been 
drawn to represent the places of the meridian at intervals 
of 1 hour. That is, 12 of them are drawn to represent 
12 consecutive positions of the meridian during a semi- 
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revolution of the earth. In this time Z moves from Z to 
L. In the next semi-revolution Z moves from L to Z, 
along the other half of the parallel Z L. In 24 hours 
the zenith Z of the observer has moved from Z to L and 
from L back to Z again. The celestial meridian has also 
swept across the heavens from the position iV.P., Z, Q, S, 
S.P, through every intermediate position to iV".P., L, E, 0, 
8,P,, and from this last position back to N.P., Z, Q, S, 
8.P, The terrestrial meridian of the observer has been 
under it all the time. This real revolution of the celestial 
meridian i8^:incessantly repeated with every revolution of 
the earth. . The sky is studded with stars all over the 
sphere. The celestial meridian of any place approaches 
these various stars from the west, passes them, and leaves 
them. This is the real state of things. Apparently the 
observer is fixed. His terrestrial and celestial meridians 
seem to him to be fixed, not only with reference to himself, 
as they are, but to be fixed in space. The stars appear to 
him to approach his celestial meridian from the east, to 
pass it, and to move away from it towards the west. 
When a star crosses the celestial meridian it is said to 
culminate. The passage of. the star across the meridian is 
called the transit of that star. This phenomenon takes 
place successively for each observer on the earth. Suppose 
two observers, A and B, A being one hour (15°) east of 
B in longitude. This means that the angular distance of 
their terrestrial meridians is 15° (see page 10). From what 
we have just learned it follows that their celestial meri- 
dians are also 15° apart. When B's meridian is N.P., 
Zy Q, R, S,P., A's will be the first one (in the figure) 
beyond it; when B's meridian has moved to this first posi- 
tion, A's will be in the second, and so on, always 15° 



36 A8TR0N0K7. 

(1 hour) in adrance. A group of stars vhich has just come 
to A'b meridian will not pass B'e for 1 hour. When they 
are on B's meridian they will be 1 hour west of A'b, and 
so on. Notice also that A'b zenith is always 15° east of 
B's. 

The same stars will successively rise, culminate, and set 
to each observer, but the phenomena will be presented to 
the eastern observer sooner than to the other. 




If N be the earth, and a a spectator whose zenith is at 
Z at the instant chosen for making the picture, and ^, 2^' 
at subsequent times, his horizon must successively take the 
positions /T, ff', /?". . . The stars near ^ (the east point) 
will successively appear to rise, as the hoi'izon falls below 
them, while those near W will successively appear to set. 
It is obvious that the observer b will see these appearances 
earlier than a. 



CHAPTER 11. 

THE RELATION OP THE EARTH TO THE HEAVENS— 

(Chntinued,) 

The Celestial Sphebe. 

Systems of CSo-ordinates.— Any great circles of the celestial 
sphere which pass through the two celestial poles are called 
hour-circles. Each hour-circle is the celestial meridian of 
some place on the earth. 

The hour-circle of any particular star is that one which 
passes through the star at the time. As the earth revolves, 
different hour-circles, or celestial meridians, come to the 
star. 

In Pig. 13 let be the position of the earth in the centre of 
the celestial sphere NZ SD. Let Zhe the zenith of the ob- 
server at a given instant, and P, p, the celestial poles. By 
definition P Z SpnNP is his celestial meridian. (Each 
of these points has a name; let the student give the names 
in order.) N8 is the horizon of the observer at the instant 
chosen. PO N h his latitude. If P is the north pole, he 
is in latitude 34° north. (See page 31.) 

EC WD is the celestial equator; ^and TTare the east 
and west points. The earth is turning from W to E. That 
is, the celestial meridian which at the instant chosen in the 
picture contains P Zp was in the position P D Rp twelve 
hours earlier. 
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PC, PS, PV, PD aro parte ol honr-circlea. If ^ is 
a star, P B \i tbe hour-circle of that star. As the earth 
turns P B turns with it, and directly P B will have moved 
away from A towards the top of the picture and soon P V 
will pass through the star A, which stands still. When it 
does, PV will be the hour-circle of A. At the instant 
chosen P B U the hour-circle of A. The stars inside the 
circle IfK are always above the ohseryer's horizon, Im is 




half of the diurnal orbit of one of the north stars. All the 
stars inside the circle S R are perpetually invisible to the 
observer, o r is half of the orbit of one of these southern 
stars. The north-polar distance of all those stars pei-petu- 
ally aboTe the horizon is less than or equal toi^A'"; the 
Bouth-polar distance of all the stars perpetually invisible is 
less than or equal to ^ 5, which is equal to /* if. ( = 00 
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Altitude and Azimntli. — ZO is the vertical circle of the 
star A at the instant chosen for making the picture. In 
a few moments Z will have moved eastwards and a new 
vertical circle will have to be drawn. GA is the altitude 
of A at the instant; in a few moments it will be less. For 
as Z moves towards the eastward, NWS, the western hori- 
zon of the observer, will move upwards (in the drawing) 
and come nearer to A, which stands still. Therefore the 
altitude of A will diminish progressively. It is now OA. 

The azimuth of A is now NO, counted from the north 
point. It will change as Z changes. Having the altitude 
and azimuth of A at the instant, the observer at can find 
it in the sky. (See page 18.) 

Horth-Polar Distance and Hour-Angle. — The north-polar 
distance of A is PA. This will serve as one of a pair of 
coordinates to point out the apparent position of A in the 
sky. 

The hour-angle of a star is the angular distance between 
the celestial meridia^i of the place and the hour-circle of 
that star. The hour-angle is counted from the meridian 
towards the west from 0° to 360°, or from 0^ to 24*». The 
hour-angle of A, at this instant, is ZP B. The hour- 
angle of a star K is 0°. 

The hour-angle is measured by the arc of the equator 
between the celestial meridian and the foot of the hour- 
circle through the star. The arc CB measures the hour- 
angle of A at the instant. Directly, Z will have moved away 
to the east and C will move away also along the dotted part 
of the line representing the equator, W CED. 

Having the two co-ordinates PA and CB^ the observer 
at can find the star A. It will be noticed that these two 
co-ordinates, polar distance and hour-angle, differ in one 
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respect from the two co-ordinates altitude and azimuth. 
Both the latter change as the earth reyolyes on its axis. Of 
the former only one changes; yiz., the hour-angle. The 
polar distance of a star remains the same, since it is the dis- 
tance from a fixed point, the pole, to a fixed point, the star. 

Bight Ascension and Horth-Polar Distance. — We can 
devise a pair of co-ordinates neither of which shall change 
as the earth revolves. This will clearly be convenient, for 
this pair of co-ordinates will be the same for every observer 
and for every hour of the day, whereas the others vary with 
the time, and with the situation of the observer. 

To select such a pair we have simply to use fixed points 
in the celestial sphere to count from. The north pole will 
do for one of these, and the north-polar distance of the star 
will serve for one co-ordinate. This is measured, for the 
star Ay on the hour-circle P B. Let us choose some fixed 
point V on the equator to measure our other co-ordinate 
from, and let us always measure it on the equator towards 
the east from 0° to 360° (from 0»» to 24^). That is, from 
V through By C, Ey 2>, IF, successively. 

VB is the right ascension of A. The right ascension of 
a star is the angular distance of the foot of the hour-circle 
through the star from the vernal equinoXy measured on the 
celestial equator, towards the east. 

Exactly what the vernal equinox is we shall find out 
later on; for the present it is sufficient to define it as a 
certain fixed point on the celestial equator. 

If we have the right ascension and north-polar distance 
of a star, we can point it out. Thus VB and PA define 
the position of A, As long as the pole, the star, and the 
vernal equinox do not move relatively to each other these 
two co-ordinates fix the position of the star. Their relative 
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positions are not affected by the rotation of the earth, nor 
by the position of the observer upon its surface. He may 
be in any latitude or any longitude, and his zenith may be 
anywhere in the whole sky, but the right ascension and 
the north-polar distance of each star remain the same nev- 
ertheless. 

The right ascension of the star JT is F (7. Of a star at E 
it is VCE\ of a star at i) it is VOED\ of a star at W 
it is VCEDWy and so on. 

Bight Ascension and Declination. — Sometimes in place 
of the north-polar distance of a star it is convenient to 
use its declination. 

The declination of a star is tts angular distance north or 
iouth of the celestial equator. 

The declination of A is BA, which is 90° minus PA. 

The relation between N. P. D. and d is 

N. P. D. = 90^ - tf; <y=90°-.N.P.D. 

North declinations are +; South declinations are — . 

The declination of Zia 02. CZis equal to PiV^, since 
each is equal to 90° — PZ, PN measures the latitude of 
the observer whose zenith is Z. (See page 31.) 

The latitude of a place on the eartVs surface is measured 
by the declination of tts zenith. 

This is the definition of the latitude which is used in 
astronomy. 

Co-ordinates of a Star. — ^In whafc has gone before we have 
seen that there are various ways of expressing the apparent 
positions of stars on the surface of the celestial sphere. 
That one most commonly used in astronomy is to give the 
right ascenaion and north-polar distance (or declination) of 
the star. The apparent position of the star is fixed by these 
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two co-ordinates. If we know its distance also^ the abso- 
lute position of the star in space is fixed by the three oo» 
ordinates. Thus we haye a complete method of describing 
the positions of the heavenly bodies. 

Co-ordinates of an Observer. — To describe the position of 
an observer on the surface of the earth we have to give his 
latitude and longitude. His latitude is the declination of 
his zenith; his longitude is the fixed angle between his 
celestial meridian and the celestial meridian of Greenwich 
(or Washington). Declination in the sky is analogous to 
Latitude on the earth. Sight ascension in the sky is anal- 
ogous to Longitude on the earth. Both of these co-ordi- 
nates depend upon the position of his zenith, since his 
longitude is nothing but the angular distance of his zenith 
west of the zenith of Greenwich. 

All this is extremely simple, but if it is clearly under- 
stood the student has it in his power to answer a great 
many interesting questions for himself. 

We know, for example, that the sun is in the equator and at the 
vernal equinox on March 21st of each year. 

The student can determine for liimself what appearances will be 
presented on that day next year. He may proceed in this way: Draw 
a circle to represent the celestial sphere. Take a point, P, of it to 
be the position of the north pole in the sky. If the observer lives 
in a place whose latitude is q> degrees north, his zenith will be 
90° — q) from the north pole measured towards the south. Measure 
off 90° — ^ on the circle from P, The end of that arc is the zenith 
of that observer, Z. PZ is an arc of his celestial meridian. Meas- 
ure from P through Z 90°, and the end of that arc is on the equator, 
Q say. Join P with the centre, 0, of the circle. This line is the 
direction of the celestial pole. Join and Q, and this line (perpen- 
dicular to PO) is the direction of that point of the equator which is 
highest above his horizon. Draw the line ZO; this is the vertical 
line. Through draw NOS perpendicular to Z 0. This is the north 
and south line of his horizon. Draw the ovals which lepreseDt (io 
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perspective) the circles of the equator and of the horizon. Assume 
a point, F, of the celestial equator. On March 21st of each year the 
sun is there. When the sun is at the highest point Q of the eqaatoi 
it is noon to this observer. The sun is on his meridian. Six hours 
before this time the sun will rise to him; six hours after he will 
set. It requires twenty-four hours for the point Fto be apparently 
carried all round the equator, and the sun appears to go with the 
poiaU Three months later the sun is about 00° of right ascension 
^andhasa north-polar distance of 66^*. The student can determine 
in the same way the circumstances under which the sun will appear 
to him to move on the 21st of next June when its north-polar distance 
is 66i% or on December 21st, when iis N. F. D. is 113^. 

The example that Is here given is not for the purpose of teaching 
the studentwhat the motion of the sun is; that will be considered iu 
its proper order in this book. But it is to show him that if he wishes 
to know about it he can find out for himself. 

When he reads about the midnight sun that is visible in the Arctic 
regions he can verify the facts for himself. Let him construct the 
diagram we have described for a place whose latitude is 80° north 
and see what sort of a diurnal orbit the sun will describe on the 21st 
of June when its N. P. D. is 66^°. 

B.ELATIOK OF TlUE TO THE SPHEBE, 

Sidereal Time. — The earth rotates uniformly on its axis; 
that is, it turns through equal angles in equal intervals of 
time. 

This rotation can be used to measure any intervals of 
time when once a unit of time is agreed upon. The most 
natural and convenient unit is a day. There are various 
kinds of days, and we have to take them as they are. 

A sidereal day is the interval of time required for the 
earth to rotate once on its axis. Or what is the same thing, 
it is the interval of time between two consecutive tran- 
sits of any star over the same celestial meridian. The 
sidereal day is divided into 24 sidereal hours; each hour is 
divided into 60 minutes; each minute into 60 seconds. In 
making one revolution the earth turns through 360**, so that 



44 ASTRONOMY. 

/- ^v «... ' • ' 

24 hours = 360°; also, 

1 hour = 16°; 1° = 4 minntes. 
1 minute = 15'; I' = 4 seconds. 
1 second = 16'; V = 0.066 second. 

When a star is on the celestial meridian of any place its 
hour-angle is zero, by definition (see page 39). It is then 
at its transit or culmination. 

As the earth rotates, the meridian moves away (east- 
wardly) from this star, whose hour-angle continually in- 
creases from 0° to 360°, or from hours to 24 hours. 
Sidereal time can then be directly measured by the hour- 
angle of any star in the heavens which is on the meridian 
at an instant we agree to call sidereal hours. When this 
star has an hour-angle of 90°, the sidereal time is 6 hoars; 
when the star has an hour angle of 180° (and is again on 
the meridian, but invisible unless it is a circumpolar star), it 
is 12 hours ; when its hour-angle is 270°, the sidereal time 
is 18 hours; and, finally, when the star reaches the upper 
meridian again, it is 24 hours or hours. (See Fig. 13, 
where E C WD is the apparent diurnal path of a star in 
the equator. It is on the meridian at C) 

Instead of choosing a star as the determining point 
whose transit marks sidereal hours, it is found more con- 
venient to select that point in the sky from which the right 
ascensions of stars are counted — the vernal equinox — the 
point Fin the figure. The fundamental theorem of si- 
dereal time is: The hour-angle of the vernal equinox, or the 
sidereal time, is equal to the right ascension of the meri- 
dian; that is, GY'=^Y C. 

To avoid continual reference to the stars, we set a clock 
so that its hands shall mark hours minutes seconds 
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at the transit of the yemal equinox^ and regulate it so that 
its hour-hand revolves once in 24 sidereal hours. Such a 
clock is called a sidereal clock. 

Solar Time. — Time measured by the hour-angle of the 
sun is called true or apparent solar time. An apparent 
solar day is the interval of time between two consecutive 
transits of the sun over the upper meridian. The instant 
of the transit of the sun over the meridian of any place 
is the apparent noon of that place, or local apparent noon. 

When the sun's hour-angle is 12 hours or 180% it is 
local apparent midnight. 

The ordinary sun-dial marks apparent solar time. As 
a matter of fact, apparent solar days are not equal. The 
reason for this will be fully explained later. Hence our 
clocks are not made to keep this kind of time, for if once 
set right they would sometimes lose and sometimes gain 
on such time. 

Mean Solar Time. — A modified kind of solar time is 
therefore used, called mean solar time. This is the time 
kept by ordinary watches and clocks. It is sometimes 
called civil time. Mean solar time is measured by the hour- 
angle of the mean sun, a fictitious body which is imagined 
to move uniformly in the equator. The law according to 
which the mean sun is supposed to move enables us to com- 
pute its exact position in the heavens at any instant, and to 
define this position by the two co-ordinates right ascension 
and declination. Thus we know the position of this imagi- 
nary body just as we know the position of a star whose 
co-ordinates are given, and we may speak of its transit as 
if it were a bright material point in the sky. A mean 
solar day is the interval of time between two consecutive 
transits of the mean sun over the upper meridian. Mean 
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noon at any place on the earth is the instant of the mean 
sun's transit over the meridian of that place. Twelve hours 
after local mean noon is local mean midnight. The mea& 
solar day is divided into 24 hours of 60 minutes each. Each 
minute of mean time contains 60 mean solar seconds. 
Astronomers begin the mean solar day at noon^ which is 
hours, and count round to 24 hours. 

We have thus three kinds of time. They are alike in one point: 
each is measured by the hour-angle of some body, real or assumed. 
The body chosen determines the kind of time, and the absolute length 
of the unit — the day. The simplest unit is that determined by the 
uniformly rotating earth — the sidereal day; the most natural unit is 
that determined by the sun itself — the apparent solar day, which, 
however, is a variable unit; the most convenient unit is the mean 
solar day, and this is the one chosen for use in our daily life. 

Comparative Lengths of the Mean Solar and Sidereal 

Day. — As a fact of observation, it is found that the sun 
appears to move from west to east among the stars, about 
1° daily, making a complete revolution around the sphere 
in a year. It requires 365^ days to move through 360°. 

Hence an apparent solar day will be longer than a side- 
real day. For suppose the sun to be at the vernal equinox 
exactly at sidereal noon (0 hours) of Washington time on 
March 21st; that is, the vernal equinox and the sun are 
both on the meridian of Washington at the same instant. 
In 24 sidereal hours the vernal equinox will again be on the 
same meridian, but the sun will have moved eastwardly by 
about a degree, and the earth will have to turn through 
this angle and a little more in order that the sun shall 
again be on the Washington meridian, or in order that it 
may be apparent noon on March 22d. For the meridian 
to overtake the sun requires about 4 minutes of sidereal > 
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time. The true sun does not move, as we have said, uni- 
formly. The mean sun is supposed to move uniformly, 
and to make the circuit of the heavens in the same time as 
the real sun. Hence a mean solar day will also be longer 
than a sidereal day, for the same reason that the apparent 
solar day is longer. The exact relation is: 

1 sidereal day = 0*997 mean solar day, 

24 sidereal hours = 23'' 56°^ 4»*091 mean solar time, 

1 mean solar day = 1-003 sidereal days, 

24 mean solar hours = 24*' 3"" 56»'555 sidereal time, 

and 

366-24222 sidereal days = 365-24222 mean solar days. 

Local Time. — When the mean sun is on the meridian of 
a place, as Boston, it is mean noon at Boston. When the 
mean sun is on the meridian of St. Louis, it is mean noon 
at St. Louis. St. Louis being west of Boston, and the 
earth rotating from west to east, the local noon of Boston 
occurs before the local noon at St. Louis. In the same 
way the local sidereal time at Boston at any given instant 
is expressed by a larger nuraber than the local sidereal time 
of St. Louis at that instant. 

The sidereal time of mean noon is given in the astro- 
nomical ephemeris for every day of the year. It can be 
found within ten or twelve minutes at any time by remem- 
bering that on March 21st it is sidereal hours about 
noon, on April 21st it is about two hours sidereal time at 
noon, and so on through the year. Thus, by adding two 
hours for each month, and four minutes for each day after 
the 21st day last preceding, we have the sidereal time at 
the noon we require. Adding to it the number of hours 
since noon, and one minute more for every fourth of a day 
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on account of the constant gain of the clock (4" daily), we 
have the sidereal time at any momenta 

Example. — Find the sidereal time on July 4th, 1881, at 4 o'clock 
A.M. We have: 

June 21st, 3 months after March 21st; to be X 2, 6 

July 3d, 12 days after June 21st; X 4, 48 

4 A.M., 16 hours after noon, nearly f of a day, 16 8 

22 51 

This result is within a minute of the exact value. 

Relation of Time and Longitude. — Considering our civil 
time which depends on the sun, it will be seen that it is 
noon at any and every place on the earth when the sun 
crosses the meridian of that place, or, to speak with more 
precision, when the meridian of the place passes under the 
sun. In the lapse of 24 hours the rotation of the earth on 
its axis brings all its meridians under the sun in succession, 
or, which is the same thing, the sun appears to pass in suc- 
cession over all the meridians of the earth. Hence noon 
continually travels westward at the rate of 15° in an hour, 
making the circuit of the earth in 24 hours. The differ- 
ence between the time of day, or the local time as it is called, 
at any two places will be in proportion to their difference 
of longitude, amounting to one hour for every 15 degrees of 
longitude, four minutes for every degree, and so on. Vice 
versa, if at the same real moment of time we can determine 
the local times at two different places,* the difference of these 
times multiplied by 15 will give the difference of longitude. 

The longitudes of places are determined astronomically 
on this principle. Astronomers are, however, in the habit 
of expressing the longitude of places on the earth like the 

* And compare the two, by telegraph for example. 
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right ascensions of the heavenly bodies^ not in degrees, but 
in hours. For instance, instead of saying that Washington 
is 77° 3' west of Greenwich, we commonly say that it is 5 
hours 8 minutes 12 seconds west, meaning that when it is 
noon at Washington it is 5 hours 8 minutes 12 seconds 
after noon at Greenwich. This course is adopted to prevent 
the trouble and confusion which might arise from constantly 
having to change hours into degrees and the reverse. 

Where does the Day Change? — A question frequently 
asked in this connection is. Where does the day change? 
It IS, we will suppose, Sunday noon at Washington. That 
noon travels all the way round the earth, and when it gets 
back to Washington again it is Monday. Where or when 
did it change from Sunday to Monday? We answer, 
wherever people choose to make the change. Navigators 
make the change occur in longitude 180° from Greenwich. 
As this meridian lies in the Pacific Ocean, and meets 
scarcely any land through its course, it is very convenient for 
this purpose. If its use were universal, the day in question 
would be Sunday to all the inhabitants east of this line, and 
Monday to every one west of it. But in practice there have 
been some deviations. As a general rale, on those islands 
of the Pacific which were settled by men travelling east the 
day would at first be called Monday, even though they 
might cross the meridian of 180°. Indeed the Eussian 
settlers carried their count into Alaska, so that when our 
people took possession of that territory they found that 
the inhabitants called the day Monday when they them- 
selves called it Sunday. These deviations have, however, 
almost entirely disappeared, and with few exceptions the 
day is changed by common consent in longitude 180° from 
Greenwich. 
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DeTEBMIKATIOKS of TEBBE8TBIAL LOKGITUDSa 

Owing to the rotation of the earth, there is no such fixed 
correspondence between meridians on the earth and among 
the stars as there is between latitude on the earth and de- 
clination in the heavens. The observer can always deter- 
mine his latitude by finding the decimation of his zehith, 
but he cannot find his longitude from the right ascension 
of his zenith with the same facility, because that right as- 
cension is constantly changing. To determine the longi- 
tude of a place, the element of time as measured by the 
diurnal motion of the earth necessarily comes in. Con- 
sider the plane of the meridian of a place extended out to 
the celestial sphere so as to mark out on the latter the 
celestial meridian of the place. Take two such places^ 
Washington and San Francisco for example; then there 
will be two such celestial meridians cutting the celes- 
tial sphere so as to make an angle of about forty-five de- 
grees with each other in this case. Let the observer imagine 
himself at San Francisco. Then he may conceive the 
meridian of Washington to be visible on the celestial sphere, 
and to extend from the pole over toward his south-east 
horizon so as to pass at a distance of about forty-five degrees 
east of his own meridian. It would appear to him to be at 
rest, although really both his own meridian and that of 
Washington are moving in consequence of the earth's rota- 
tion. Apparently the stars in their course will first pass 
the meridian of Washington, and about three hours later 
will pass his own meridian. Now it is evident that if he 
can determine the interval which the star requires to pass 
from the meridian of Washington to that of his own place, 
he will at once have the difference of longitude of the two 
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places by simply taming the interval in time into degrees 
at tlie rate of fifteen degrees to each hour. 




The difference of longitude between any two places de- 
pends upon the angular distance of the terrestrial (or celes- 
tial) meridians of these two places and not upon the motion 
of the star or sun which is used to determine this angular 
difference, and hence the longitude of a place is the same 
whether expressed as the difference of two sidereal or of 
two solar times. The longitude of Washington west from 
Greenwich is S"" 8" or 77°, and this is in fact the ratio of 
the angular distance of the meridian of Washington from 
that of Greenwich, to 24 hours or 360°. The angle between 
the two meridians is -^ of 34 hours, or of a whole c 
ference. 
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It is thus plain that tlie difference of longitude of any two 
places is the same as the difference of their simultaneous 
local times; and this whether the local times spoken of 
are hoth sidereal or both solar. 

Methods ot DETEBxnnKG the Diffebekce ot Lovgi- 
TTJDE OF Two Places ok the Eabth. 

Every purely astronomical method depends upon the 
principle we have just laid down. 

It is of vital importance to seamen to be able to deter- 
mine the longitude of their vessels. The voyage from Liv- 
erpool to New York is made weekly by scores of steamers, 
and the safety of the voyage depends upon the certainty 
with which the captain can mark the longitude and lati- 
tude of his vessel upon the chart. 

The method used by a sailor is this : with a sextant (see 
Chapter III.) the local time of the ship's position is deter- 
mined by an observation of the sun. That is, on a given 
day he can set his watch so that its hands point to twelve 
hours when the sun is on his meridian on that day. He 
carries a chronometer (which is merely a very fine watch) 
whose hands point always to Greenwich time. Suppose 
that when the ship's time is 0^ or noon the Greenwich 
time is 3^ 20™. Evidently he is west of Greenwich 3** 20°^, 
since that is the difference of the simultaneous local times, 
and since the Greenwich time is later. Hence he is some- 
where on the meridian of 50° west. If he has determined 
the altitude of the pole or the declination of his zenith in 
any way, then he has his latitude also. If this should be 
45° north, the ship is in the regular track between New 
York and Liverpool, and he can go on with safety. 
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Wheo tbe steamer Faraday nas laying the direct cable she got her 
longitude every day by comparing her ship's time (found by obser. 
vation on board) with iJie Qreenwich time telegraphed along the cable 
and received at the end of it which she had on her deck. Longitudes 
may be determined in the same way on shore. 

From an observatory, as Waabiugtgn, the beats of a clock are sent 
out by telegraph along the lines of railway; at every railwny station 
and telegraph office the telegraph sounder beats the seconds of tlie 
Washington clock. Any one who can set his watch to the local time 
of bis station and who can compare it with the signals of the Wash- 
ington clock (which are sent at Washington noon, daily except Sua^. 
day) can determine for himself the difference of the simultaneous 
local times of Washington and of his station, and thus his own longi- 
tude east or west from Washington. 



HETBODS 07 DETEaiUKINO THX L&TITnSE OF A PLAOB 
ON THX E&ETH. 

Latitude from Circnmpolar Stars. — In the figure enp- 

|tose Z to be the zeuith of tbe observer, HZ RN his me- 




ridian, P the north pole, R R hie horizon. Suppose 5^ and 
iS' to be the two points where a circtimpolar star crosses 
the meridian, ae it morea arouod the pole in its apparent 
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diumal orbit. PS= PS' ia the star's north-polar di»- 
taaoe, and P H = ^ = the observer's latitude. 



Therefore <p = 90° 



= ZP = 00" - 



We can measure ZS and ZS', the zenith distances of the 
star in the two positions, by the meridian circle or by the 
sextant, as will be explained in the next chapter. Hence 
having these zenith distances we have the latitude of the 
place. 

Latitude by the Ueridlaa Altitade of the Sim or a Star. 
— In the figure let if be the observer's zenith, i*the pole, 
ind Q tlie intersection of 
tliG celestial equator with the 
meiidiitn H Z H. The alti- 
tiide of the star 8 is meas- 
ired when the star is on the 
[ meridian. It is known to 
on the meridian when we 
I find its dtitude to be a max- 
*^0' 18. imum. From thenieasnred 

altitude of the star S we deduce its zenith distance ZS = 5 
= 90°— HS. Its declination is taken from a catalogue of 
stars if it is a star, or from the Mantical Almanac if it 18 
the sun. In either case the declination QS is known, 
ZQ= QS-\-ZS; 

If the body culminates north of the zenith at iS*, 
ZQ^ QS' - ZS'; 
<p= S — S- 
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This is tbe method aniformly employed at sea, where the 
altitude of the san at apparent uoon is daily measured. 

Paballazeb avs Sekidluieteiu! of tee Heatevit 



The apparent position of a body on the celestial sphere 
remains the same as long as the observer is fixed, as baa 
been shown (see page 20). If the observer changes his 
place and the star remains in the same position, the ap- 




parent position of the star will change. To show this let 
CIT be the earth, C being its centre. S' and S' are the 
places of two observers on the surface. Z' and Z" are 
their zeniths in the celestial sphere H' P'. P is a star. 
5' will see P in the apparent position P'. S' will see P 
in the apparent position P". That is, two different ob- 
servers see the same object in two different apparent 
positions. If the observer jS" moves along the surface 
directly to jS", the apparent position of P on the celes- 
tial sphere will appear to move from P' to P', 
This change is due to the parallax of P. 
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The parallax of a body due to a change in the position 
of the observer, is the alteration tw the apparent position 
of the body caused by that change. 

If the observer at S' could move to the centre of the 
earth along the line 5'/7, the apparent position of P would 
move from P' to P^. If the observer at S' could move 
from 8" to C along S'Cy the apparent position of P would 
move from P' to P^. 

In the triangle P S'O the following parts are known: 

(7P = ^ = the geocentric distance of P, 
CS' = p' = the radius of the earth at i^, 

and the angle S'PC = P'P P, is the parallax of P. 

For the change of apparent position of P from P' to P^ 
is due to the cliange of the point of observation from /^ to 
C. 

Similarly the angle S'PO = P'PP, is the parallax of P 
relative to a change of the observer fiom S' to C. 

Horizontal Parallax. — Clearly the parallax of P differs 
for observers differently situated on the earth, and it is 
necessary to take some standard parallax for each observer. 
Such a standard is the horizo7ital parallax. Suppose P 
to be in the horizon of the observer /S'; then ZfS'P 
will be 90°, as will also the angle PS*C. In the triangle 
S'PC three parts will then be known and the horizontal 
parallax (the angle at P when P is in the horizon) can be 
found. It will be the same for the observer at S\ When 
P is in the horizon of 8\ Z"S''P is a right angle, as is also 

* 

P8"0. OP and OS" are known and thus the horizontal 
parallax of P is determined. 

If OP, the distance of P, increases, other things remain- 
ing the same, the parallax of P will diminish. 



RELATION OF THE EARTH TO THE HEAVENS, 57 

The student can prove this for himself by drawing the 
figure on the same scale as here given, making CP larger. 

The angles at P (the parallaxes) will become smaller and 
smaller the larger CP is taken. Hence the magnitude of 
the parallax of a star or a planet depends upon its distance 
from us. 

Suppose an observer at the point P looking at the earth's 
radius S'C. The angle subtended by that semidiameter 
is the same as the parallax of P, Hence we may say that 
the parallax of a body with reference to an observer on the 
earth is measured by the angle subtended at the body by 
that semidiameter of the earth which passes through the 
observer's station. 

As the point P is carried further and further away from 
the earth, the angle subtended by S' C, for example, becomes 
less and less. If P were at the distance of the moon, this 
angle would be about 57'; if at the distance of the sun, 
it would be about 8^^ S'C is roughly 4000 miles; it 
subtends an angle of 57' at the distance of the moon. 70 
miles (57 X 70 = 3990) would subtend an angle of about 
1', and 3437' would be about 240,000 miles. This is the 
distance of the moon from the earth. (See pages 4, 5.) 

Again, 4000 m'les subtends an angle jof 8''. 5 at the distance 
of the sun. 470.7 miles (470.7 X 85 = 4000. ±) would 
subtend an angle of l\ and 206,264^8 would be 97,000,000 
miles, and this is about the distance of the sun. By taking 
the exact values of the radius of the earth and of the solar 
parallax, this distance is found to be about 93,000,000 miles. 

The example shows the method of calculating the sun's 
distance when we have two things accurately given : first, 
the dimensions of the earth; and second, the parallax of 
the sun. 
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Annual Parallax. — We haye seen that for thd moon the 
parallax is about 1®; for the sun it is only 8"; for some of 
the more distant planets it is considerably less. 

For Jupiter it is about 2'j for Saturn less than 1'; for 
Neptune about 0^.3. 

Let us remember what this mean^« It means that 4000 
miles^ the earth's radius, would subtend at the distance of 
Neptune an angle of only ^j^ of a single second of arc. 

The parallax of the moon is determined by obier>;:>tion5 
and the observation consists in measuring the angle which 
the radius of the earth would subtend if viewed from the 
moon's centre. 57' is an angle large enough to be deter- 
mined quite accurately in this way. There would be but a 
small per cent of error. Even S", the sun's parallax, can be* 
measured so as to have an error of not more than 2 or 3 
per ce7it. 

Bat this method will not do to measure anything much 
smaller than S\ The parallax of a fixed star, for example, 
is not jjT^j^js^ part as large as the sun's parallax: and this 
is too minute a quantity to be deduced by these methods. 
We therefore use for distant bodies a parallax which does 
not depend on the radius of the earth, but upon the radius 
of the earth's orbit around the sun. 

TJie annual parallax of a body is the angle subtended at 
the body by the radius of the earth^s orbit seen at right 
angles. 

For example, in Fig. 18 suppose that now represents 
the sun, around which the earth S^ moves in the nearly 
circular orbit S^S^H^ S'Ois no longer 4000 miles as in 
the last example, but it is 93,000,000 miles. Suppose F to 
be, again, a body whose annual parallax is S^F G (suppos- 
ing PS'C to be a right angle). 
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Some of the nearest fixed stars have an annual parallax 
ol nearly 1'. Hence the nearest of them are not nearer 
than 206,264 times 93,000,000 miles. The greater number 
of them hare a parallax of not more than ■^'. 

Hence their distances cannot be less than 

10 X 206,264 X 93,000,000 miles. 

To the stndent who has understood the simple rules given 
on pages 4 and 5 these deductions will be plain. 




Bemidiameters of the Heavenly Bodies. — The angular 
semidiameter of the aun as seen from the earth is 961'. 
Hence its diameter is 1922'. Its real diameter in miles is 
therefore about 880,000, as its distance is 93,000,000 miles. 

The angular semidiameter of the moon as seen from the 
earth is about 15^', Hence its real diameter is about 3000 
miles, its distance being about 240,000 miles. 

In the same way, knowing the distance of any planet and 
measuring its angular semidiameter, we can compute its. 
dimensions in miles. 



CHAPTER III. 

ASTRONOMICAL INSTRUMENTa 

(General Account. — In a general way we may divide the 
instruments of astronomy into two classes, seeing instru- 
ments and measuring instruments. 

The seeing instruments are telescopes; they have for 
their object either to enable the observer to see faint objects 
as comets or small stars, or to enable him to see brighter 
stars with greater precision than he could otherwise do. 
How they accomplish this we shall shortly explain. The 
measuring instruments are of two classes. The first class 
measures intervals of time. The second measures angles. 
A clock is a familiar example of the first class; a divided 
circle of the second. 

Let us take these in the order named. 

The Refracting Telescope. — The refracting telescope is 
composed of two essential parts, the object-glass or objec- 
tive and the eye-piece. 

The object-glass is for the sole purpose of collecting the 
rays of light which emanate from the thing looked at, and 
for making an image of this thing at a point which is called 
the focus of the objective. 

The eye-piece has for its sole object to magnify the image 
so that the angular dimensions of the thing looked at will 
appear greater when the telescope is used than when it is 
not. 
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For example, in the figure suppose BI to 
bo a lamiiious surface. Every point of it is 
throwing off rays of light in straight lines in 
every possible direction. Let us consider the 
point /. The rays from / proceed in every 
direction in which we can draw a straight line 
through /. Suppose all such straight lines 
drawn. Let 00' be the objective of a tele- 
scope pointed towards BI. All the rays from 
/ which fall on 00' lie between the lines /O, 
and 10'. No others can reach the objective, 
and all others which proceed from / are 
wasted so Jar as seeing / with this particu- 
lar telescope is concerned. 

The action of the convex lens 00' ia to 
bend every ray which passes through it to- 
wards its axis BA. 10 is bent down to OF; 
10' is bent up to OT; and so for every 
other ray except the ruy fi'om / through the 
centre of 00" which is bent neither up nor 
down, but which goes straight on to 7* and 
beyond, 

Every one of the rays of light sent out by 
/between the limits /Oand 10' finally passes 
through /'. / is a point of light, and so is 
I". The point /' is the focus of 00' with 
respect to I. 

Similarly B sends out light in every direc- 
tion. Only those rays which chance to fall 
between BO and BO' are useful for seeing 
B with this particular telescope. Every one 
of this bundle of rays comes to a focus on the 
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intersection of the lines i' and BA. In the same way 

every point of the object BI has a corresponding image on 

the line /' somewhere between /' and the axis BA. 

r is the focal plane of the objective with respect to 

the object BI, and the image of BI lies in this focal plane. 
The objective has now done all it can; it has gathered 
every possible ray from the object BI and presents every 
one of these rays concentrated in an image of this object 
in the focal plane at jT 

Notice two things: first, the image is inverted with re- 
spect to the object; /is above B; the image of I is below 

the image of B\ second, the rays from B J do not 

stop at /' , but go on indefinitely to the left, always 

diverging from the image. 

The Eye-piece. — The eye-piece is essentially a microscope 
which is simply to magnify the angular dimensions of the 
object as it is seen in the telescope; that is, to magnify the 
image. To see well with a microscope it must be close to 
the thing magnified. It cannot be placed near to BI in 
general, for BI may be a mile or ten millions of miles 
away. So the place to put it is near to the image of BI, a 

little above the focal plane F in the figure. 

The eye must be placed a little further above still, 
at such a position as to see well with the eye-piece. That 
is, close to it. Now fix an objective in one end of a tube 
and an eye-piece in the other end and you have a refracting 
telescope. The more powerful the microscope used as an 
eye-piece the higher the magnifying power of the combina- 
tion. We increase the magnifying power of any telescope 
by changing the eye-piece. 

The Objective. — As a matter of fact the objective is usu- 
ally made of two glasses like the figure, where the arrow 
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shows the direction in which the rays come to it from the 
object. If we use a single ob- 
jective we find that the im^e oC I 
the object is colored; that is, of I 
different colors from its natural I 

tints. We find that by using a I 

double objectiTe made of two Fra.90, 

difEerent kinds of glass this can be corrected. This is ex- 
plained in Optics under the head of Achromatism or Chro- 
matic Aberration. 

Light^athering Power. — It is not merely by magnifying 
that the telescope assists the vision, but also by increasiug 
the quantity of light which reaches the eye from the object 
at which we look. Indeed, should we view an object 
through an instrument which magnified but did not in- 
crease the amount of light received by the eye, it is evident 
that the brilliancy would be diminished in proportion as 
the surface of the imugo was enlarged, since a constant 
amount of light would be spread over an increased surface; 
and thus, unless tlielight were very bright, the object might 
become bo darkened as to be less plainly seen than with the 
naked eye. How the telescope increases the quantity of 
light will be seen by considering that when the unaided 
eye looks at any object, the retina can only receive so many 
rays as fall upon the pupil of the eye. By the use of the 
telescope it is evident that as many rays can be brought to 
the retina as fall on the entire object-glaiSS. The pupil of 
the human eye, in its normal state, has a diameter of about 
one fifth of an inch, and by the use of the telescope it is 
virtnally increased in surface in the ratio of the square of 
the diameter of the objective to the square of one fifth of 
an inch; that is, in the ratio of the surface of the objective 
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to the surface of the pupil of the eye. Thus, with a two- 
inch aperture to our telescope, the number of rays collected 
is one hundred times as great as the number collected with 
the naked eye. 

With a 5-iiich object-glass the ratio is 625 to 1 

10 " " " " 2,600 to 1 

15 " " " " 5,625 to 1 

20 " " " '* 10,000 to 1 

26 " " " " 16,900 to 1 

36 " " '* " 32,400 to 1 

When a minute object, like a small star, is viewed, it is 
necessary that a certain number of rays should fall on the 
retina in order that the star may be visible at all. It is 
therefore plain that the use of the telescope enables an 
observer to see much fainter stars tlian he could detect with 
the naked eye, and also to see faint objects much better 
than by unaided vision alone. Thus, with a 26-inch tele- 
scope we may see stars so minute that it would require the 
collective light of many thousands to be visible to the 
unaided eye. 

Eye-piece. — In the skeleton form of telescope before de- 
scribed the eye-piece as well as the objective was considered 
as consisting of but a single lens. But with such an eye- 
piece vision is imperfect, except in the centre of the field, 
from the fact that the image does not throw rays in every 
direction, but only in straight lines away from the objec- 
tive. Hence the rays from near the edges of the focal 
image fall on or near the edge of the eye-piece, whence 
arises distortion of the image formed on the retina, and loss 
of light. To remedy this difficulty a lens is inserted at or 
very near the place where the focal image is formed, for the 
purpose of throwing the different pencils of rays which 
emanate from the several parts of the image, toward the 
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axis of the telescope, so that they shall all pass nearly 
through the centre of the eye-leas proper. These two 
lenses are together called the eye-pieco. 

There are some Bmall diSerenceg of debail in the con- 
struction of eye-pieces, but the general principle is the 
same in all. 

The flgure ahows an eye-piece drawn accurately lo scale. 01 is 
one of the converging pencils from the object-glasa which forms one 
point (/) ot the focal imuge la. Thin image ia viewed by the fiUd- 
{mwf ofihe ^'e-piece as if it were a real object, and the shaded pencil 
Itetween J^aod B^ava the course of these ray a after deviation hj P. 
If there ^ere no ej/e-leni E, aa eye properly placed beyond ^would 
see an image at fa'. The eye-lens E receives the pencil of rays, aiid 
deviates it to the observer's eye placed at such a point tiiat iLe wiiote 
Incident pencil will pass throitgli tlie pupil and full on tlie retinn, and 
thus be eSective. As we saw in the figure of the refracting telescope. 




every point of the object produces a pencil similar to OT, and the 
■whole surfaces of Ihe lenses ^and fi^are covered with rays. All of 
these pencils passing through the pupil go to make up the retinal 
image. This image is referred by the mind to tlie distance of distinct 
vision (about ten inclies), and the image AI" represents the dimen- 
sion, of the final image relative to the image al as formed by the ob* 

jective, and — y ■* evidently the magnifying power of this particular 

eye-piece used in combination with this particular objective. AE s 
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Eafleoting Teleteopet. — Ae we bnve sceu, one eBBtnliiil part of k 
refract! ug U'lvHuopi? is the objective, whicli brings all ilieiDcideulrafa 
fnim 110 object to one focua, forming tlieie an ima^e of IhaL object 
In ruBtcliiig lulescopes (reflectors) tlie objective ia u [iiirrorof epccu- 
lutu incliil or silvered glass ground to Ihc shape of ft paraboloid. The 
figure stiows the notion of Buch a inirroroii a bimdle ot parallel raj-B, 
irliich, after iuipiugnig on it, are bi'uugbl by reflection to one focus 
F. The image tonned at lliis focus inuy be viewed with an eye- 
piece, as in the cose of the refractiug telescope. 

The eye-pieces used with such a mirror are of Ibe kind already 
described. In the figure the eye-piece would Lave to be placed to 
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the right of tlic point F, nnd ihe observer's head would tliua Interfere 
witli the incident llglil. Yai'ious devices liave beeo proposed tc rem- 
edy this inconvenience, of which the most simple ia to interpose a 
sixiall plane mirror, whicli is inclined 45° to the line AO. jUst to the 
left of F. This mirror will reflect the rays wliich are moving towards 
the focus i^down (in tlie ligure) to tinothcr fociis outside of the main 
beam of rays. At this second focus the eye-piece is placed and tlie 
observer looks into it in a direction perpendicular to AO. 

The Tele&cope in HeastiTenienl — A telescope ia generaUy 
thought of only as an instiniment to assist the eye hy its 
magnifying and light-gathering power in the tDunnerwo 
have described. But it has a very importiiiit additional 
function in aslronomical measurements hy enabling the 
astronomer to point at a celestial object wi:h a certainty 
and accuracy otherwise unattainable. This function of 
the telescope vas not recognized for more thuu half a oea- 
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tnry after its inyentioii, and after a long and rather acri- 
monious contest between two ^schools of astronomers. 
Until the middle of the seventeenth eeiiturv, when an 
astronomer wished to determine the altitude of a celestial 
object, or to measure tlie angular distance l»etween two 
stars, he was obliged to point his sextant or other meas- 
uring instrument at the object by means of ** pinnules," 
These served the same purpose as the sights on a rifle. In 
using them, however, a difficulty arose. It was impossible 
for the observer to have distinct vision both of the object 
and of the pinnules at the same time, because when the 
eye was focused on either pinnule, or on the object, it was 
necessarily out of focus for the otlierSo The only way to 
diminish this difficulty was to lengthen the arm on which 
the pinnules were fastened so that the latter should be as 
far apart as possible. Thus Tycho Brahe, before the 
year 1600, had measuring instruments very much larger 
than any in use at the present time. But this plan only 
diminished the difficulty and could not entirely obviate it, 
because to be manageable the instrument must not be very 
large. 

About 1670 the English and French astronomers found 
that by simply inserting fine threads or wires exactly in 
the focus of the object-glass, and then pointing it at the 
' object, the image of that object formed in the focus could 
be made to coincide with the threads, so that the observer 
could see the two exactly superimposed upon each other. 
When thus brought into coincidence, it was obvious that 
the point of the object on which the wires were set was in 
a straight line passing through the wires, and through the 
centre of the object-glass. So exactly could such a point- 
ing be made, that if the telescope did not magnify at al\ 
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(the eye-piece and object-glass being of equal focal length)^ 
a Yorj important advance would still be made in the ac- 
curacy of astronomical measurements. This line, passing 
centrally through the telescope, we call the line of coUi- 
mation of the telescope, A B in Pig. 19. If we have any 
way of deterihining it, it is as if we had an indefinitely long 
pencil extended from the earth to the sky. If the observer 
simply sets his telescope in a fixed position, looks through 
it and notices what stars pass along the threads in the eye- 
piece, he knows that all those stars lie in the axis of col« 
limation of his telescope at that instant. 

By the diurnal motion a pencil-mark, as it were, is thus 
drawn on the surface of the celestial sphere among the 
stars, and the direction of this pencil-mark can be deter- 
mined with far greater precision by the telescope than with 
the naked eye, 

CHBONOHETEBS and CLOCK& 

We have seen that it is important for various purposes 
that an observer should bo able to determine his local time 
(see page 62). This local time is determined most accu- 
rately by observing the transits of stare over the celestial 
meridian of the place where the observer is. In order to 
determine the moment of transit with all required accuracy, 
it is necessary that the time-pieces by which it is measured 
shall go with the greatest possible precision. There is no 
great difficulty in making astronomical measures to a sec- 
ond of arc, and a star, by its diurnal motion, passes over 
this space in one fifteenth of a second of time (see page 
44). It is therefore desirable that the astronomical clock 
shall not vary from a uniform rato more than a few 
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handredths of a second in the course of a day. It is 
not, however, necessary that it should always be perfectly 
correct; it may go too fast or too slow without detracting 
from its character for accuracy, if the intervals of time 
which it tells off — hours, minutes, or seconds — are always 
of exactly the same length, or, in other words, if it gains 
or loses exactly the same amount every hour and every 
day. 

The time-pieces used in astronomical observation are the 
chronometer and the clock. 

The chronometer is merely a very perfect watch with 
a balance-wheel so constructed that changes of tempera- 
ture have the least possible effect upon the time of its 
oscillation. Such a balance is called a compensation bal- 
ance. 

The ordinary house-clock goes faster in cold than in 
warm weather, because the pendulum-rod shortens under 
the influence of cold. This effect is such that the clock 
will gain about one second a day for every fall of 3° Cent. 
(5°. 4 Fahr.) in the temperature, supposing the pendulum- 
rod to be of iron. Such changes of rate would be entirely 
inadmissible in a clock used for astronomical purposes. 
The astronomical clock is therefore provided with a com" 
pensation pendulum, by which the disturbing effects of 
changes of temperature are avoided. 

The correction of a clock is the quantity which it is necessary to 
add to tlie indications of tlie hands to obtain the true time. Thus if 
the correction of a sidereal clock is + 1™ 10'. 07 and the hands point 
to 21^ IS" 14».50, tlie correct sidereal time is 21^ 14"' 24».57. 

The rate of a clock is the daily change of its correction; i.e., what 
it gains or loses daily. 



The TBAVSTT iRBTBiriEZVT. 

The Transit Instrument is nsed to observe the transits 
of Btiurs OTer the celestial meridian. The times of these 




transits are noted by the sidereal clock, which is an indi»- 
peosable adjdDct of the transit instnunent. 
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It oonabta essentially of & telescope IT mounted oo an axte V7 
at rigUt angles toit. The enda of tbia axis terminate in accurately 
cyliDdrical pivots nliicli rest in metallic bearings YV wliicli are 
shaped like tlie letter T, and hence called tlie Y's. 

These are fastened to two pillars of stooe, brick, or Iron. Two 
counterpoises W If are connected -with the axis as in the plate, bo as 
to take a large portion of the weight of the axis and telescope from 
the T's, and thus to diminish the friction upon lliese and to render 
the rotation about FF more easy and regular, In the ordinary use 
of the transit, the line F F Is placed accurately level and also perpen- 
dicular to the meridian, or in the eaet and west line. To effect this 
"adjustment"tbere are two sets of adjusting screws, by which tho 
ends of F F in the Y's may be moved either up and down, or norlli 
and south. The plate gives the form of transit used in permanent 
ol)serTatories. and shows the observing chair C, the reverslnt; carriage 
B. and the level L. The arms of tbe latter have Y's, which can be 
placed over the pivots F V. 

The Un« <^ eoUiTiiatioa of the transit telescope is the line drawn 
through the centre of the objective perpendicular to the ToCaHon 



irlines placed in the focus of 



ivr. 

The reliele is a network of fine 
the objective. 

In Fig. 34 tbe circle represents the tield of view of a transit as 
through the eye-piece. The seven vertical 
lines, I. II. III. IV, V, VI. VII. are seven 
fine spider. lines tightly sircitclicii across a 
hole in a metal plate, and so adjusted as 
to be perpendicular to the direction of a 
star's apparent diurnal motion. The hori- 
lonla! wires, guide-mre», a nod b, mark the 
centre of the field. The field is illuminated 
at night by a lamp at the end of the aiis 
which shines through the hollow interior of 
the latter, and causes the field to appear 
bright. The wires are dark agai 
ground. The line of eight is a 1 
and the central one. IV, of the 




bright 

lining tlie centre of the objective 
I vertical wires. 

mt when, first, tlie aiis FFia 
; and third, wlien the 



The whole transit is in adju; 
horizontal; second, when it lies < 
line of sight and the line of collimation coincide. 
tions are fulfilled the line of sight intersects the celestial sphere in the 
meridian of tbe place, and when T'l' ismtaied about KFihellneof 
eight marks out tbe celestial meridian of the place ou tbe epliere. 
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The clock stands near the transit instrument. The times 
when a star passes the wires I~VII are noted. The average 
of these is the time when the star was on the middle thread, 
or, what is the same thing, on the celestial meridian. At 
that instant its hour- angle is zero. (See page 39.) 

The sidereal time at that instant is the hour-angle of the 
vernal equinox (see page 44). This is measured from the 
meridian towards the west. The right ascension of the 
star which is observed is the same quantity, measured from 
the vernal equinox towards the east. As the star is on 
the meridian, the two are equal. Suppose we know the 
right ascension of the star and that it is a. Suppose the 
clock time of transit is T. It should have been a if the 
clock were correct. The correction of the clock at this 
instant is thus a— T, 

This is the use we make of stars of Tcnown right ascen- 
sions. By observing any one of them we can get a value of 
the clock correction. 

Suppose the clock to be correct, and suppose we note that 
a star whose right ascension is unknown is on the wire IV 
at the time or' by the clock, a' is then the right ascension 
of that star. In this way the positions of stars, or of the 
sun and planets (in right ascension only), are determined. 

The Mebidian Cibcle. 

The meridian circle is a combination of the transit in- 
strument with a graduated circle fastened to its axis and 
moving with it. A meridian circle is shown in Fig. 25. 
It has two circles finely divided on their sides. The grad- 
uation of each circle is viewed by four microscopes. The 
microscopes are 90° apart. The cut shows also the hang- 
ing level by which the error of level of the axis is found. 
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The instrument can be used as a transit to determine 
right ascensions, as before described. It can be also used 
to measure declinations in the following way : If the 
telescope is pointed to the nadir, a certain division of 




the circles as N is under the first microscope.* We can 
Biake the nadir a visible point by placing a basin of quick- 
silver below the telescope and looking in it through tlie tel- 
escope. We shall see the wires of the reticle and also their 

• Or opposite to a rtatlonMy pirfnter flied to the pier. 
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reflected images in the quicksilver. When these coincide, 
the telescope points to the nadir. If it is then pointed to 
the pole, the reading will change by the angular distance 
between the nadir and the pole, or by 90° + ^, ^ being the 
latitude of the place (supposed to be known). The polar 
reading P of the circle is thus known when the nadir 
reading iVis found. If the telescope is then pointed to 
Various stars of unknown polar distances, p', p", /?'", etc., 
as they successively cross the meridian, and if the pircle 
readings for these stars are P', P", P'", etc., it follows 
that p'=P'—P', p" = P"—P', p'" = P"' — P; etc. 

Thus the meridian circle serves to determine by observa- 
tion both co-ordinates of the apparent position of a body. 

The EdTTATOEIAL. 

An equatorial telescope is one mounted in such a way that 
a star may be followed through its diurnal orbit by turning 
the telescope about one axis only. The equatoiial mount- 
ing consists essentially of a pair of axes at right angles 
to each other. One of these S'J)^ {the polar axis) is direct- 
ed toward the elevated pole of the heavens, and it there- 
fore makes an angle with the horizon equal to the latitude 
of the place (p. 31). This axis can be turned about its own 
axial line. On one extremity it carries another axis LD 
(the declination axis), which is fixed at right angles to it, 
but which can again be rotated about its axial line. 

To this last axis a telescope is attached, which may either 
be a reflector or a refractor. It is plain that such a tele- 
scope may be directed to any point of the heavens; for we 
can rotate the declination axis until the telescope points to 
any given polar distance or declination. Then, keeping 
the telescope fixed in respect to the declination axis, we can 
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rotate the whole instrument as one mass about the polar 
axis until the telescope points to any portion of the parallel 
of declination defined by the given right ascension or hour- 
angle. 

If we poiDt such a telescope to a star when it is rising (doing this 
by rotating the telescope first about its declination axis and then 
about the polar axis), and fix the telescope in this position, we can, 
by simply rotating the whole apparatus on the polar axis, cause the 
telescope to trace out on the celestial sphere the apparent diurnal 
path which this star will appear to follow from rising to setting. In 
such telescopes a driving-clock is so arranged that it can turn the 
telescope round the polar axis at the same rate at which the earth it- 
self turns about its own axis of rotation, but in a contrary direction. 
Hence such a telescope once pointed at a star will continue to point 
at it as long as the driving clock is in operation, thus enabling the 
astronomer to make such an examination or observation of it as is 
required. If we place a photographic plate in the focus of a suitable 
objective, we can obtain a permanent picture of the star-groups to 
which it is pointed. 

The Sextant. 

The sextant is a portable instrument by which the altitudes of 
celestial bodies or the angular distances between them may be 
measured. It is used chiefly by navigators for determining the lati- 
tude and the local time of the position of the ship. Knowing the 
local lime, and comparing it with a chronometer regulated on Green- 
wich time, the longitude becomes known and the ship's place is 
fixed. (See page 52.) 

It consists of an arc of a divided circle usually 60° in extent, 
whence the name. This arc is in fact divided into 120 equal parts, 
each marked as a degree, and these are again divided into smaller 
spaces, so that by means of the vernier at the end of the index-arm 
MS an arc of 10" (usually) may be read. 

The index-arm MS carries the index-glass M, which is a silvered 
plane mirror set perpendicular to the plane of the divided arc. The 
horizon-glass m is also a plane mirror fixed perpendicular to the plane 
of the divided circle. 

This last glass is fixed in position, while the first revolves with the 
index-arm. The horizon-glass is divided into two parts, of which 
the lower one is silvered, the upper half being transparent. ^ is a 
telescope of low power pointed toward the horizon- glass. By it any 
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object to whtch it b directly potnted can be Been Ibrongh the vMHtarti 
liklf of the borizoD-glasa. Any oiher object in the same plane caa be 
brougUt Into the same field by rotating the index-arm (and the iodex- 
glasa with it), bo that a beam of light from this second object Bhall 
Btrike the index-glass at the proper angle, there to Ik reflected to the 
borizon-glaas, and again reflected down the telescope E. Thug the 
images of any two objects lathe plane of the sextant may be brought 
together In the telescope by viewing one directly and the other by 
leflection. 




This instrument is used daily at sea to determine the 
ship's position by measuring the altitude of the sun. This 
is done by pointing the telescope, EB, to the sea-horizon, 
H in the figure, which appears like a line in the field of the 
telescope, and by moving the index-arm till the image of 
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the sun, S, coincides with tbe horizon. The arc read from 
the sextant at thiB time is the snn'e altitude. From the 
altitnde of the sun on the meridian the ship's latitude is 
known (aee page H). From its altitude at another hour 




the local time can be computed. The difference between 
the local time and the Greenwich time, aa shown by tbe 
ship's cbronomoter, gives tbe ship's longitude. By means 
of this simple instrument the place of a vessel can be found 
wilnin a mile or so. 

The above are the instruments of aatronomy which best 
illustrate the principles of astronomical observations. 

Practical Astronomy is the science which teaches the 
theory of these instruments and of their application to ob- 
servation, and it includes the art of so combining the 
observations and so using the appliances as to get the best 
results. 
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The Astbokoxical Epeexebis, ob Natttical Almanac. 

The Astronomical Ephemeris, or, as it is more commonly called, 
the NatUical Almanac, is a work in which celestial phenomena and 
the positions of the heavenly bodies are computed in advance. 

The usefulness of such u work, especially to the navigator, de- 
pends upon its regular appearance on a uniform plan and upon the 
fulness and accuracy of its data; it was therefore necessary that its 
issue should be taken up as a government work. An astronomical 
ephemeris or nautical almanac is now published annually by each of 
the governments of Germany, Spain, Portugal, France, Gieal Britain, 
and the United States. They are printed three years or more be- 
forehand, in order that navigators going on long voyages may supply 
themselves in advance. 

The Ephemeris furnishes the fundamental data from which all our 
household almanacs are calculated. 

The principal quantities given in the American Ephemeris for 
each year are as follows: 

The positions (R. A. and 8) of the sun and the principal large 
planets for Greenwich noon of every day in each year. 

The right ascension and declination of the moon's centre for every 
Greenwich hour in the year. 

The distance of the moon from certain bright stars and planets for 
every third Greenwich hour of tlie year. 

The right ascensions and declinations of upward of two hundred 
of the brighter fixed stars, corrected for precession, nutation, and 
aberration, for every ten days. 

The positions of the principal planets at every visible transit over 
the meridian of Washington. 

Complete elements of all the eclipses of the sun and moon, with 
maps showing the passage of the moon's shadow or penumbra over 
those regions of the earth where the eclipses will be visible, and 
tables whereby the phases of the eclipses can be accurately computed 
for any place. 

Tables for predicting the occultations of stars by the moon. 

Eclipses of Jupiter's satellites and miscellaneous phenomena. 

Catidog^es of Stars. — Of the same general nature with the Ephe- 
meris are catalogues of the fixed stars. The object of such a cata- 
logue is to give the right ascension and declination of a number of 
stars for some epoch, the beginning of the year 1875 for instance, 
with the data by which the position of each star can be found at any 
other epoch. 
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To give the student a still further idea of the Ephemeris, we present 
a small portion of one of its pages for the year 1882: 

Fbbruabt, 1882 — at Greenwich Mean Noon. 



Dav 

the 1^ 
week. I tf 



o 

a 



Wed. 
Thur. 
Frid. 

Sat. 

Sun. 

Mon. 

Tues. 
Wed. 
Thur. 

Frid. 

Sat. 

Sun. 

Mon. 

Tues. 

Wed. 

Thur. 

Frid. 

Sat. 



1 
2 
8 

4 
6 
6 

7 
8 
9 

10 
11 
12 

13 
14 
15 

16 
17 
18 



The Sun*s 



Apparent 

right 
ascension. 



H. M. 

21 

21 4 

21 8 

21 12 

21 16 

21 20 

21 24 

21 28 

21 32 

21 36 

21 40 

21 44 

21 48 

21 52 

21 55 



Diflf. 

fori 

hour. 



s s 
18.04 10.1*76 
16.8410.141 
19.82,10.107 



21.9610.073 
23.3310.040 
28.88 10.007 



23 63 
22.60 
20.79 

18.21 
14.88 
10.80 

5.98 

0.43 

54.16 



21 59 47.17 

22 3 39.47 
22 7 31.07 



9.974 
9.941 
9.909 

9.87r 
9.846 
9.815 

9.784 
9.753 
9.723 

9.693 
9.664 
9.635 



Apparent 
declination. 



S17 
16 
16 

16 
15 
15 

15 
14 
14 

14 
13 
18 

13 
12 
12 

12 
11 
11 



2 

45 
27 



22.4 

5.4 

80.9 



9 89.2 
51 80.8 
83 6.1 



14 
55 
36 



25.4 
29.1 
17.7 



16 61.6 
57 11.2 
37 16.9 



17 
56 
36 

16 
54 
33 



9.1 
48 3 
14.9 

29.3 
82.1 
23.6 



Diff. 
fori 
hour. 



+42.82 
48.57 
44.80 

-H4.99 
45.69 
46.86 

+47.08 
47.66 
48.28 

48.88 
49.47 
50.03 

+50.69 
51.12 
51.65 

+52.14 
52.62 
58.07 



Equation 
of time 
to be 
subtracted 
from 
mean 
time. 



M. 8. 

18 61.84 

18 68.58 

14 6.01 

14 10.61 

14 15.41 

14 19.40 

14 22.60 

14 26.01 

14 26.66 

14 27.61 

14 27.68 

14 26.99 

14 25.63 

14 23.52 

14 20.70 

14 17.16 

14 12.90 

14 7.94 



.4 



I 



8. 
0.818 
0.284 
0.250 

0.216 
0.188 
0.150 

0.117 
0.064 
0.052 

0.020 
0.011 
0.042 



Sidereal 

time 

or right 

ascension 

of 
mean sun. 



H. M. 8. 

20 46 21.70 

20 60 18.26 

20 64 14.81 

20 68 11.87 

21 2 7.92 
21 6 4.48 



21 
21 
21 

21 
21 
21 



10 1.03 

18 67.69 

17 64.14 

21 50.70 

25 47.25 

29 48.81 



0.07321 88 40 85 
0.104,21 87 86.91 
0.18421 41 88.46 



0.16421 46 80.02 
0.193 21 49 26.67 
0.2^21 58 28.18 



The third column shows the R. A. of the sun's centre at Green- 
wich mean noon of eacli day. The fourth column shows the hourly 
change of this quantity (9.815 on Feb. 12). At Greenwich hours 
the sun's R. A. was 21 »» 44" 10«.80. Washington is 5»» 8" (5^.13) 
west of Greenwich. At Washington mean noon, on the 12th, the 
Greenwich mean time was 5^. 13. 9.815 X 5.13 is 50".35. This is to 
be added, since the R. A. is increasing. The sun's R. A. at Wash- 
ington mean noon is therefore 21^ 45" 1'.15. A similar process will 
give the sun's declination for Washington mean noon. In the same 
manner, the R. A. and Dec. of the sun for any place whose longitude 
is known can be found. 

The column "Equation of Time" gives the quantitjr to be sub- 
tracted from the Greenwich mean solar time to obtain the Green- 
wich apparent solar time (see page 188). Thus, for Feb. 1, the 
Greenwich mean time of Greenwich mean noon is 0^ 0" 0*. The 
true sun crossed the Greenwich meridian (apparent noon) at 23^ 4$** 
08'. 66 on the preceding day; i.e., Jan. 31. 

When it was 0^ 0" 0' of Greenwich mean time on Feb. 13, it was 
also 21^ 33° 40'. 35 of Greenwich local sidereal time (see the last 
column of the table). 



CHAPTER IV. 

MOTION OF THE EARTH. 

Ahcient Ideas of the Flakets. 

It was observed by the ancients that while the great 
mass of the stars maintained their positions relatively to 
each other month after month and year after year, there 
were visible to them seven heavenly bodies which clianged 
their positions relatively to the stars and to each other. 
These they called planets or wandering stars. It was found 
that the seven planets performed a very slow, revolution 
around the celestial sphere from west to east, in periods 
ranging from one month in the case of the moon to thirty 
years in that of Saturn, 

The idea of the fixed stars being set in a solid sphere was 
in perfect accord with tlieir diurnal revolution as observed 
by the naked eye. But it was' not so with the planets. 
The latter, after continued observation, were found to 
move sometimes backward and sometimes forward; and it 
was quite evident that at certain periods they were nearer 
the earth than at other periods. These motions were en- 
tirely inconsistent with the theory that they were fixed in 
solid spheres. 

These planets (which are visible to the naked eye), 
together with the earth, and a number of other bodies 
which the telescope has made known to us, form a family 
or system by themselves, the dimensions of which, although 
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inconceivably greater than any which we have to deal with 
at the surface of the earth, are quite insignificant when 
compared with the distance which separates us from the 
fixed stars. The sun being the great central body of this 
system, it is called the Solar System. There are eight 
large planets, of which the earth is the third in the order of 
distance from the sun, and these bodies all perform a regular 
revolution around the sun. Mercury, the nearest, performs 
its revolution in three months ; Neptune, the farthest, in 
164 years. 

ANinjAL Bevolution of the Eabth. 

To an observer on the earth the sun seems to perform 
an annual revolution among the stars, a fact which has 
been known from early ages. This motion is due to the 
annual revolution of the earth round the sun. 

In Fig. 29 let S represent the sun, ABCD the orbit 
of the earth around it, and E FGH the sphere of the 
fixed stars. This sphere, being supposed infinitely distant, 
must be considered as infinitely larger than the circle 
ABCD. Suppose now that 1, 2, 3, 4, 5, 6 are a numbei 
of consecutive positions of the earth in its orbit. The line 
IS drawn from the sun to the earth in any given position is 
called the radius-vector of the earth. Suppose this line 
extended infinitely so as to meet the celestial sphere in the 
point 1'. It is evident that to an observer on the earth at 
1 the sun will appear projected on the sphere in the direc- 
tion of 1'; when the earth reaches 2 it will appear in the 
direction of 2', and so on. In other words, as the earth 
revolves around the sun, the latter will seem to perform a 
revolution among the fixed stars, which are immensely 
more distant than itself. The points 1', 2', etc., can be 
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fixed b; their relatione to the various fixed stars, vbose 
places are known. 

It is also evident that the point in Thich the earth would 
be projected if viewed from the sun is always exactly 
opposite that in which the sun appears as projected from 
the earth. Moreover, if the earth moves more rapidly in 




some points of its orbit than in others, it ia evident that 
the sun will also appear to move more rapidly among the 
stars, and that the two motions must always accurately 
correspond to each other. 

The raditia-vector of the earth in its annual course de- 
scribes a plane, which in the figure may be represented by 
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that of the paper. This plane continued to infinity in 
every direction will cut the celestial sphere in a great cir- 
cle ; and it is clear that the sun will always appear to 
move in this circle. The plane and the circle are indiffer- 
ently termed the ecliptic. The plane of the ecliptic is gen- 
erally taken as the fundamental one, to which the positions 
of all the bodies in the solar system are referred. It 
divides the celestial sphere into two equal parts. In think- 
ing of the celestial motions, it is convenient to conceive of 
this plane as horizontal.' Then if we draw a vertical line 
through the sun at right angles to this plane (perpendicular 
to the plane of the paper on which the figure is represent- 
ed), the point at which this line intersects the celestial 
sphere will be the pole of the ecliptic. 

Let us now study tiie apparent annual revolution of the 
sun produced by the real revolution of the earth in its orhiU 

When the earth is at 1 in the figure the sun will appear 
to be at 1', near some star, as drawn. Now by the diurnal 
motion of the earth the sun is made to rise, to culminate, 
and to set successively for each meridian on the globe. This 
star being near the sun rises, culminates, and sets, with it; 
it is on the meridian of any place at the local noon of that 
place (and is therefore not visible except in a telescope). The 
star on the right-hand side of the figure near the line CSl 
prolonged is nearly opposite to the sun. When the sun is 
rising at any place, that star will be setting; when the sun 
is on the meridian of the place, this star is on the lower 
meridian; when the sun is setting, this star is rising. It 
is about 180° from the sun. Now suppose the earth to 
move to 2. The sun will be seen at 2', near the stfir there 
marked. 2' is east of 1'; the sun appears to move among 
the stars (in consequence of the earth's annual motion) 
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from west to east. The star near 2' will rise, culminate, 
and set with the sun at every place on the earth. The star 
near 1' being west of 2' will rise before the sun, culminate 
before him, and set before he does. 

K, for example, the star 1' is near the equator when the 
sun is 15° east of 1', the star will rise about 1 hour earlier 
than the sun. When the sun is 30° east of 1' (at 3', for 
example), the star will rise 2 hours before the sun. When 
the sun is 90° east of 1', the star will rise 6 hours before the 
sun, and so on. That is, when the sun is rising at any 
place, this star will be on the meridian of the place. When 
the sun appears in the line VCS 1 prolonged to the right 
in the figure, the star 1' will be on the meridian at mid- 
night, and is then said to be in opposition to the sun. It 
is 180° from it. When the sun appears to be near H, the 
star 1' will be about 45° or 3 hours east of the sun. The 
sun will rise first to any place on the earth, and the star 
will rise 3 hours later, say at 9 a.m. Finally the sun will 
come back to the same star again and they will rise, culmi- 
nate, and set together. 

We know that this cycle is about 365 days in length. 
In this time the sun moves 360°, or about 1° daily.* This 
cycle is perpetually repeated. Its length is a sidereal year; 
that is, the interval of time required for the sun to move in 
the sky from one star back to the same star again, or for the 
earth to make one revolution in its orbit among the stars. 

The ancients were familiar with this phenomenon. They 
knew most of the brighter stars by name. The heliacal 
rising of a bright star (its rising with Helios, the sun) 
marked the beginning of a cycle. At the end of it, seasons 
and crops and the periodical floods of the Nile had repeat- 

• !• is twice the sun's apparent (iiameter. 
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ed themselves. It was in this way that the first accurate 
notions of the year arose. 

The apparent position of a body as seen from the earth 
is called its geocentric place. The apparent position of a 
body as seen from the sun is called its heliocentric place. 

In the last figure, suppose the sun to be at S^ and the 
earth at 4. 4' is the geocentric place of the sun, and is 
the heliocentric place of the earth. 

The Suk's Appabent Path. 

It is evident that if the apparent path of the sun lay in 
the equator, it would, during the entire year, rise exactly 
in the east and set in the west, and would always cross the 
meridian at the same altitude. The days would always be 
twelve hours long, for the same reason that a star in the 
equator is always twelve hours above the horizon and twelve 
hours below it. But we know that this is not the case, the 
sun being sometimes north of the equator and sometimes 
south of it, and therefore it has a motion in declination. 
To understand this motion, suppose that on March 19th, 
1879, the sun had been observed with a meridian circle and a 
sidereal clock at the moment of transit over the meridian of 
Washington. Its position would have been found to be this: 

Eight Ascension, 23^ 55°^ 23« ; Declination, 0° 30' south. 

Had the observation been repeated on the 20th and fol- 
lowing days, the results would have been: 

March 20, E. Ascen. 23^ 59°^ 2« ; Dec. 0° 6' South. 

21, " 0^ 2°^ 40« ; " 0° 17' North. 

22, " 0^ 6°^19«; " o° 41' North. 

If we lay these positions down on a chart, we shall find 
them to be as in Fig. 30, the centre of the sun being south 



MOTIONS OF THE EASTS. 87 

of the eqnator in the first two positionB, and north of it in 
the laat two. Joining the successive p'ositions hy a line, we 
shall have a representation of a small portion of tho appa- 
rent path of the sun on the celestial sphere, or of the ecliptic 
It IB clear from the observatione and tho figure that the 
8un crossed the equator between six and seven o'clock on 
the afternoon of March 20th, and therefore that the equa- 
tor and ecliptic intersect at tho point where the eun was at 
that hour. This point is called the vernal equinox, the 
first word indicating the season, while the second expresses 




Fio. so.— Tbc Scm CROssma tbc EqT 



the equality of the nights and days which occurs when the 
sun is on the equator. It will be remembered that this 
equinox is the point from which right ascensions are count- 
ed in the heavens, in the same way that we count longi- 
tudes on the earth from Greenwich or "Washington. A 
sidereal clock at any place is therefore so set that the hands 
shall read hours minutes seconds at the moment 
when the vernal equinox ci'osses the meridian of the place. 
Continuing our ohservations of the sun's apparent course 
for six months from March 20th till September 33d, we 
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should find it to be ae in Fig. 31. It will be seen that Fig. 
30 corresponds to the right- 
hand end of 31, but is on a 
nmch larger scale. The sun, 
moving along the gi'eat circle . 
of the ecliptic, will reach its 
greatest northern declination 
abont June 31st. This point 
is indicated on the iignre as 
90° fi-oni tlie vernal equinox, 
and is culled tlie summer sol- 
stice. Tlie sun's right ascen- 
sion is then eIx honi-s, and its 
declination SSJ" north. The 
stndent should complete the 
figure by drawing the half not 
given here. 

The course of the sun now 
inclines towaM the south, and 
it again crosses the equator 
about September 22d at a point 
diametrically opposite the ver- 
nal equinox. All great circles 
intersect each other in two op- 
posite points, and the ecliptic 
and equator intersect at the two 
opposite equinoxes. The eqni- 
nox which the sun crosses on 
September 22d is called the 
autumnal equinox. 

During the six months from 
September to March the san's 
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conrse is a counterpart of that from March to Septem- 
ber, except that it lies- south of the equator. It attains 
its greatest south declination about December 22d, in 
right ascension 18 hours and south declination 23° 30'. 
This point is called the winter solstice. It then begins to 
incline its course toward the north, reaching the vernal 
equinox again on March 20th, 1880. 

The two equinoxes and the two solstices may be re- 
garded as the four cardinal points of the sun's apparent 
annual circuit around the heavens. Its passage through 
these points is determined by measuring its altitude or de- 
clination from day to day with a meridian circle. Since in 
our latitude gi'eater altitudes correspond to greater declina- 
tions, it follows that the summer solstice occurs on the day 
when the altitude of the sun is greatest, and the winter 
solstice on that when it is least. The mean of these alti- 
tudes is that of the equator, and may therefore be found 
by subtracting the latitude of the place from 90°. The 
time when the sun reaches this altitude going north, marks 
the vernal equinox, and that when it reaches it going south 
marks the autumnal equinox. 

These passages of the sun through the cardinal points have been 
the subjects of astronomical observation from the earliest ages on 
account of their relations to the change of the seasons. An ingeni- 
ous method of finding the time when the sun reached the equinoxes 
was used by the astronomers of Alexandria about the beginning of 
our era. In the great Alexandrian Museum, a large ring or wheel 
was set up parallel to the plane of the equator; in other words, it 
was so fixed that a star at the pole would shine perpendicularly on 
the wheel. Evidently its plane if extended must have passed through 
the east and west points of the horizon, while its inclination to the 
vertical was equal to the latitude of the place, which was not far 
from 30°. When the sun reached the equator going north or south, 
and shone upon this wheel, its lower edge would be exactly covered 
by the shadow of the upper edge; whereas in any other position the 
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sun would shiDe upon the lower inner edge. Thus the time at which 
the sun reached the equinox could be determined, at least to a frac- 
tion of a day. By the* more exact methods of modern times it can 
be determined within less than a minute. 

It will bo seen that this method of determining the annual appar> 
ent course of the sun by its declination or altitude is entirely inde- 
pendent of its relation to the fixed stars; and it could be equally well 
applied if no stars were ever visible. There are, therefore, two en- 
tirely distinct ways of finding when the sun or the earth has completed 
its apparent circuit around the celestial sphere ; the one by the transit 
instrument and sidereal clock, which show when the sun returns to 
the same pmtion among the stars, the other by the measurement of 
altitude, which shows when it returns to the sam^ equinox. By the 
former method, already described, we conclude that it has completed 
an annual circuit when it returns to the same star; by the latter when 
it returns to the same equinox. These two methods will give slightly 
different results for the length of the year, for a reason to be here- 
after described. 

The Zodiac and its Divisions. — The zodiac is a belt in the heavens, 
commonly considered as extending some 8° on each side of the 
ecliptic, and therefore about 16° wide. The planets known to the 
ancients are always seen within this belt. At a very early day the 
zodiac was mapped out into twelve signs known as the signs of the 
zodiac, the names of which have been handed down to the present 
time. Each of these signs was supposed to be the seat of a constella- 
tion after which it was called. Commencing at the vernal equinox, 
the first thirty degrees through which the sun passed, or the region 
among the stars in which it was found during the month following, 
was called the sign Aries. The next thirty degrees was called 
Tau7m8. The names of all the twelve signs in their proper order, 
with the approximate time of the sun's entering upon each, are as 
follows: 

Aries, the Ram, March 20. 

Taurus, the Bull, April 20. 

Oemini, the Twins, May 20. 

Cancer, the Crab, June 21. 

Leo, the Lion, July 22. 

Virgo, the Virgin, August 22. 

Libra, the Balance, September 22. 

Scorpius, the Scorpion, October 23. 

Sagittarius, the Archer November 23, 

Capricornus, the Goat, December 21. 

Aquarius, the Waler-beurvr, January 20. 

IHsces, the Fishes, February 19. 
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Each of these signs coincides roughly with a constellation in the 
heavens; and thus there are twelve constellations called by the 
names of these signs, but the signs and the constellations no longer 
correspond. Although the sun now crosses the equator and enters 
the »ign Aries on the 20th of March, he does not reach the eoruteUa- 
tion Aries until nearly a month later. This arises from the preces- 
sion of the equinoxes, to be explained hereafter. 

Obuquitt of the Ecliptic. 

We have already stated that when the sun is at the sum- 
mer solstice it is about 23^° north of the equator, and when 
at the winter solstice, about 23|° south. This shows that 
the ecliptic and equator make an angle of about 23^° with 
each other. This angle is called the obliquity of the eclip- 
tic, and its determination is very simple. It is only neces- 
sary to find by repeated observation the sun's greatest north 
declination at the summer solstice, and its greatest south 
declination at the winter solstice. Either of these declina- 
tions, which must be equal if the observations are accurate- 
ly made, will give the obliquity of the ecliptic. It has been 
continually diminishing from the earliest ages at a rate of 
about half a second a year, or, more exactly, about 47' in 
a century. This diminution is due to the gravitating 
forces of the planets, and will continue for several thousand 
years to come. It will not, however, go on indefinitely, 
but the obliquity will only oscillate between comparatively 
narrow limits. 

In the preceding paragraphs we have explained the 
apparent annual circuit of the sun relative to the eqwator, 
and shown how the seasons are related to this course. In 
order that the student may clearly grasp the entire subject, 
it is necessary to show the relation ol these apparent move- 
ments to the actual movement of the earth around the 

6UQ» 
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To understand the relation of the equator to the ecliptic, we must 
remember that the celestial pole and the celestial equator have really 
no reference whatever to the heavens, but depend solely on the du*ec- 
tion of the earth's axis of rotation.* The pole of the heavens is noth- 
ing more than that point of the celestial sphere toward which the 
earth's axis happens to point. If the direction of this axis changes, the 
position of the celestial pole among the stars will change also ; though 
to an observer on the earth, unconscious of the change, it would 
seem as if the starry sphere moved while the pole remained at rest. 
Again, the celestial equator being merely the great circle in which 
the plane of the earth's equator, extended out to infinity in every 
direction, cuts the celestial sphere, any change in the direction of the 
pole of the earth would necessarily change the position of the equator 
among the stars. Now the positions of the celestial pole and the 
celestial equator among the stars seem to remain unchanged through- 
out the year. (There is, indeed, a minute change, but it does not 
affect our present reasoning.) This shows that, as the earth revolves 
around the sun, its axis is constantly directed toward nearly the 
same point of the celestial sphere. 



The SEASoms. 

The COD elusions to which we are thus led respecting the 
real revolution of the earth are shown in Fig. 32. Here 8 
represents the sun, with the orbit of the earth surrounding it, 
but viewed nearly edgeways so as to be much f oresliortened. 
A B CD are the four cardinal positions of the earth which 
correspond to the cardinal points of the apparent path of the 
sun already described. In each figure of the earth N S\% 
the axis, N being its north and 8 its south pole. Since 
this axis points in the same direction relative to the stars 
during an entire year, it follows that the different lines N 8 
are all parallel. Again, since the equator does not coincide 
with the ecliptic, these lines are not perpendicular to the 
ecliptic, but are inclined from this perpendicular by 23^°. 

When the earth is at A the sun's north-polar distance (the 

* Just as the horizon and zenith depend onl^ on the situation of the obsenrer. 
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angle at the centre of the earth at A between tho linee to 
the north pole and to the sun) is 113^°; at B it ie 90°; at 
C it is 66i°; at D it is again 90°, and between G6i and 
113^° the north-polar distance continually Tariee. This 
may be plainer if the student draws the lines SA, SB, 
8C, SD, and prolongs the lines NS at each position of 
the earth. 

Now the sun shines on only one half of the earth; viz., 
that hemisphere turned toward him. This hemisphere is 
left bright in each of the figures of the eai'th at A, B, C, D. 




Consider the diagram at A, and remember that the earth 
is turning round so that every observer is carried round 
his parallel of latitude e\eiy 24 houra. The parallels are 
drawn in the cut, and it if plain that a person near JVwill 
remain in darkness all the 34 hours ; any one in the north- 
em hemispheie is le^s than half the time in the light — that 
is. the sun is less than half the time above his honzon — 
and a person in the southern hemisphere is more than half 
the time in the light. At the equator the days and nights 
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are always equal. At the south pole it is perpetual day. 
The spectator near the south pole is carried round in a 
parallel of latitude which is perpetually shined upon. 
This is the winter solstice (midwinter in the northern 
hemisphere, midsummer in the southern). 

Next suppose the eartli Vii B: ^ is 90° from A ; that is, 
3 months later. The sun's rays just graze the north and 
south poles; eacli parallel of latitude is half light and half 
dark ; tlie days and nights are equal. This is the equinox 
of spring — the veinal equinox. The sun's north-polar dis- 
tance is 90°. At C we have the summer solstice (summer 
in the nortliern hemisphere, winter in the southern). 
Here is perpetual day at the north pole, perpetual night at 
the south; long days to all the northern hemisphere, long 
nights 'in the southern. Three months later we have the 
autumnal equinox at D. 

This change of the seasons depends upon the change of 
the sun's north-polar distance. 

The exact phenomena at each place may be studied by 
constructing a diagr-am for the latitude of that place (see 
page 42) and assuming the sun's north-polar distance as 
follows : 

March 21, N.P.D. 90°, Vernal Equinox. 

June 20, N.P.D. 66^, Summer Solstice. 

September 21, N".P.D. 90, Autumnal Equinox. 

December 21, N.P.D. 113^, Winter Solstice. 

Two such diagrams are given in the text-book (page 28). 
The student should be able to prove that the sun is always 
in the zenith of some place in the torrid zone. 
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Celestial Latitude and Longitude. 

m 

To describe the positions of the sun and planets in space 
we need two new co-ordinates. 

The Celestial Latitude of a star is its angular distance 
north or south of the ecliptic. 

The Celestial Longitude of a star is its angular distance 
from the vernal equinox measured on the ecliptic from 
west to east. Having the right ascension and declination 
of a body (which can be had by observation), we can com- 
pute its celestial latitude and longitude. These co-ordinates 
are no longer observed (as they were by the ancients), but 
deduced from observations of right ascension and declina- 
tion. In Fig. 14, page 51, E F is the equator, IJ is the 
ecliptic if P E Q F is the celestial sphere. The student 
should mark on this figure the pole of the ecliptic (call 
this point X, for example) and draw a system of secondary 
circles through X perpendicular to //. The latitudes of 
stars are measured on these secondaries. Their longitudes 
are measured from the vernal equinox (0^ in the figure) 
eastwai'd to the points where the secondaries through the 
stars intersect the ecliptic. 



CHAPTER V. 

THE PLANETARY MOTIONS. 

Appabent and Beal Motions of the PLAKETa 

Definitions. — The solar system comprises a number of 
bodies of various orders of magnitude and distance, sub- 
jected to many complex motions. Our attention will be 
particularly directed to the motions of the great planets. 
These bodies may, with respect to their apparent motions, 
be divided into three classes. 

Speaking, for the present, of the sun as a planet, the 
first class comprises the sun and moon. We have seen that 
if, upon a star chart, we mark down the positions of the 
sun day by day, they will all fall into a regular circle which 
marks out the ecliptic. The monthly course of the moon 
is found to be of the same nature; and although its motion 
is by no means uniform in a month, it is always toward the 
east, and always along or very near a certain great circle. 

The second class comprises Venus and Mercury. The 
apparent motion of these bodies is an oscillating one on 
each side of the sun. If we watch for the appearance of 
one of these planets after sunset from evening to evening, 
we shall find it to appear above the western horizon. Night 
after night it will be farther and farther from the sun until 
it attains a certain maximum distance; then it will appear 
to return towards the sun again, and for a while to be lost 
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It 18 said to be in opposition to the sun when exactly in the 
opposite direction — rising when the enn eetB, and vice 
versa* If, when a planet is in conjunction, it is between 
the earth and the sun, the conjunction is said to be an 
inferior one; if beyond the sun, it is said to be superior. 




ArrangementB and Motions of the Planets, — The sun is 
the real centre of the solar system, and the planets proper 
revolve around it as tlie eenti-e of motion. The order of 
the five innermost large planets, or the relative position of 

* A planet is in coDJunclion with the sun wlien it has the same 
geocentric loDgitude; in opposition wLen the longitudes difier 180*> 
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their orbits, is shown in Fig. 33. These orbits are all 
nearly, but not exactly, in the same plane. The planets 
Mercury and Venus which, as seen from the earth, never 
appear to recede very far from the sun, are in reality those 
which revolve inside the orbit of the earth. The planets 
of the third class, which perform their circuits at all dis- 
tances from the sun, are what we call the superior planets, 
and are more distant from the sun than the earth is. Of 
these the orbits of Mars, Jupiter, and a swarm of telescopic 
planets are shown in the figure; next outside of Jupiter 
comes Saturn, the farthest planet readily visible to the 
naked eye, and then Urafius and Neptune, telescopic plan- 
ets. On the scale of Fig. 33 the orbit of Neptune would 
be more than two feet in diameter. Finally, the moon is 
a small planet revolving around the earth as its centre, and 
carried with the latter as it moves around the sun. 

Inferior planets are those whoso orbits lie inside that of 
the earth, as Mercury and Venus, 

Superior planets are those whose orbits lie outside that 
of the earth, as Mars, Jupiter, Saturn, etc. 

The farther a planet is situated from the sun the slower 
is its orbital motion. Therefore, as we go from the sun, 
the periods of revolution are longer, for the double reason 
that the planet has a larger orbit to describe and moves 
more slowly in its orbit. It is to this slower motion of the 
outer planets that the occasional apparent retrograde mo- 
tion of the planets is due, as may be seen by studying Fig. 
34. The apparent position of a planet, as seen from the 
earth, is determined by the line joining the earth and 
planet. Supposing this line to be continued so as to inter- 
sect the celestial sphere, the apparent motion of the planet 
will be defined by the motion of the point in which the line 
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interaecte the sphere. If this motion is toward the east, it 
is direct ; if toward the west, retrograde. 

The Apparent Hotioa of & Superior Planet. — In the figure 
let S be the sun, ABCDEF the orbit of the earth, and 
HIKLMN the orbit of a superior planet, as Mars. 
When the earth is at A suppose Mars to be at J?", and let 
B and /, C and K, D and L, E and M, F and JV" be corre- 
sponding positions. As the earth moves faster than Mara 




the arcs AB, BC, etc., correspond to greater angles at the 
centre than // /, / K, etc. 

When the earth is at^, i/iirs willhe seen on the celestial 
sphere at the apparent position 0. When the earth is at 
B, Mars will be seen at P. As the earth describes AB, 
Mars will appear to describe OP moving in the same direc- 
tion as the earth's orbital motion; i.e., direct. When the 
earth is at C, Mars is at K (in opposition to the sun), and 
its motion is retrograde along the small arc bejond QP va. 
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the figure. When the earth reaches D the planet has fin- 
ished its retrograde arc. As the earth moves from D to E 
the planet moves from L to M, and the lines joining earth 
and planet are parallel and correspond to a fixed direction 
in the celestial sphere. The planet is at a station. As the 
earth moves from BtoF the apparent motion of Mars is 
direct from Q to R; and in the same way the apparent 
motion of any outer planet can be determined by drawing 
its orbit outside of the earth's orbit ABO DBF and laying 
off on this orbit positions which correspond to the points 
ABCDEF and joining the corresponding positions. It 
will be found that all outer planets have a retrograde mo- 
tion at opposition, etc. 

The Apparent Motion of an Inferior Planet. — To deter- 
mine the corresponding phenomena for an inferior planet 
the same figure maybe used. Suppose -ff'/iTZ iff to be 
the orbit of the earth, and A B CDFFthe orbit of Mer- 
cury, and suppose H and A, /and B, etc., to be corre- 
sponding positions. Suppose HA to be tangent to Mer- 
cury^s orbit. The angle A HS is the elongation of Mer- 
cury, and it is the greatest elongation it can ever have. 

Let the student construct the apparent positions of Mer- 
cury as seen from the earth from the data given in the 
figure. From the apparent positions he can determine the 
apparent motions. As Mercury moves from A B its ap- 
parent motion is direct. On both sides of the inferior con- 
junction its motion is retrograde. From i) to ^ it is 
stationary. Also let him construct the apparent positions 
of the sun at different tii^ies by drawing the lines H8, IS, 
K S, etc., towards the right. The angles between the ap- 
parent positions of Mercury and the sun will be the elonga- 
tions of Mercury at various times. 
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ThMry of EpIejrelM.— Complicated as the apparent motiooB of Hie 
planets were, it was seen by the ancient aBtruuoniers Uiat thej could 
berepresenied by a combinatioD of two motions. First, a gmall circle 
or epicycle was suppoBed to move around the earth {not the sun) 
with a regular, though not uniform, forward motion, and then the 
planet was supposed to move around tlie circumference of this circle. 
The relation of this theory to Ihe true one was this: Tlie regular 
forward motion of tlie epicycle represents tlie real motion of tlie 
planet around the sun, wiiile the motion of the planet around the 
circumference of the epicycle is an apparent one arising from the 
revolution of tlie earth around the 
sun. To eipluin this wc must under- 
stand some ot the laws of relative mo- 
It is familiurly Unt 
observer ii 
upon an objec 
appear to him lo move in ; 
opposite tliat in which he moves. Af 
a result of this law, if the observer if 
unconsciously describing a circle, an 
object at rest will appear t 
describe a circle of equal si: 
is shown by the following figure. Let 
S represent the sun, and ABCDEP 
the orbit of the eariii. Let us sup- 
pose the observer on the enrlh carried 
around in this orbit, but imagining 
himself at rest at S, the centre of mo- 
tion. Suppose he keeps observing the 
direction and distance of the planet P, 
which for the present we suppose to 

motion that we shall have to consider. 

When Ihe observer is at A he really 
sees the planet in a direction and distance A P. but imagining himself 
at 5he thinks he sees the plnnetat the point a determined by drawing 
a line Sa parallel and equal to A P. As he passes from Ato B the 
planet will seem to him to move in the opposite direction from a to 
i, the point b being determined by drawing S i equal and parallel 
to BP. As he recedes from the planet through the arc B CD, the 
planet seems to recede from him through be d; and while he moves 
from left to right through BE the planet seems to move from right 




Q Ihnt if BD 
motion looks 
tiie object will 
direction 
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to left through de. Finally, as he approaches the planet through 
the arc EFA the planet seems to approach him through efa, and 
when he returns to A the planet will appear at a, as in the begin- 
ning. Thus the planet, though really at rest, would seem to him to 
move over the circle ahcdef corresponding to that in which the 
observer himself was carried around the sun. 

The planet "being really in motion, it is evident that the combined 
effect of the real motion of the planet and the apparent motion 
around the circle ahcdef ytWl be represented by carrying the centre 
of this circle P along the true orbit of the planet. The motion of 
the earth being more rapid than that of an outer planet, it follows 
that the apparent motion of the planet through ah\s more rapid 
than the real motion of P al(tng the orbit. Hence in this part of the 
orbit the movement of the planet will be retrograde. In every other 
part it will be direct, because the progressive motion of P will at 
least overcome, sometimes be added to, tlie apparent motion around 
the circle. 

In the ancient astronomy the apparent small circle ahcdef ViK^ 
culled tlie epicycle. 

In the case of tlie inner planets Mercury and Venm the relation of 
the epicycle to the true orbit is reversed. Here the epicyclic motion 
is that of the planet round its real orbit; that is, the true orbit of the 
planet around the sun was itself taken for the epicycle, while the 
forward motion was really due to the apparent revolution of the sqsl 
produced by the annual motion of the earth. 

In Fig. 29 the sun would successively appear to be at 1', 2*, 3', 4', 
5', and at each of these points the inferior planet would really revolve 
about 1', 2', 3', 4', 5'. 

Although the obserrations of two thousand years ago 
could be tolerably well explained by these epicycles, yet 
irith every increase of accuracy in observation new compli- 
cations had to be introduced, until at the time of Coper- 
nicus (1542) the confusion was very great. 

The Copernican System of the World. — Copernicus re- 
vived a belief taught by some of the ancients that the sun 
was the centre of the system, and that the earth and plan- 
ets moved about him in circular orbits. While this was a 
step, and a great step, forward, purely circular orbits for 
the planets would not explain all the facts. 
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From the time of Copernicus (1542) till that of Kep- 
ler and Galileo (1600 to 1630) the whole question of the 
true system of the universe was in debate. The circular 
orbits introduced by Copernicus also required a complex 
system of epicycles to account for some of the observed 
motions of the planets, and with every increase in accuracy 
of observation new devices had to be introduced into the> 
system to account for the new phenomena observed. In 
short, the system of Copernicus accounted for so many 
facts (as the stations and retrogradations of the planets) 
that it could not be rejected, and had so many diflSculties 
that without modification it could not be accepted. 

Kefleb's Laws of Flanetaby Motion. 

Kepler and Galileo. — Kepler (born 1571, d. 1630) was 
a genius of the first order. He had a thorough acquaint- 
ance with the old systems of astronomy and a thorough be- 
lief in the essential accuracy of the Copernican system, 
whose fundamental theorem was that the sun and not the 
earth was the centre of our system. He lived at the same 
time with Galileo, who was the first person to observe the 
heavenly bodies with a telescope of his own invention, and 
he had the benefit of accurate observations of the planets 
made by Tycho Brahe. The opportunity for determin- 
ing the true laws of the motions of the planets existed then* 
as it never had before; and fortunately he was able, 
through labors of which it is diflBcult to form an idea to- 
day, to reach a true solution. 

The Periodic Time of a Planet.— The time of revolution 
of a planet in its orbit round the sun (its periodic time) 
can be learned by continuous observations of the planet^s 
course among the stars. 
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From ancient times the geocentric positions of the 
planets had been observed. These positions were referred 
to the places of the brightest fixed stars^ and the relative 
places of these stars had been fixed with a tolerable ac- 
curacy. The time required for a planet to move from one 
star to the same star again was the time of revolution of 
the planet referred to the earth. 

The real motion of the earth was known from observa- 
tions of the apparent motion of the sun. By calculation 
it was possible to refer the motions as observed {i.e., with 
reference to the earth) to the real motions {i.e., those about 
the sun). 

It was thus found that the periodic times of the known 
planets were: 



For Mercury about 88 days. 
Venus ** 225 ** 
Earth ** 365 



<< 



For Mars about 687 days. 
Jupiter •* 4,338 
Saturn *' 10,759 



<< 



<( 



These values were known to the predecessors of Coper- 
nicus. He also showed (what is evident when we examine 
Fig. 34) that to an observer on the sun the motions of 
the planets would be always direct, and that no stations or 
retrogradatio7is of the j)lanets would be seen from the sun. 

We may determine the relative distances of a planet and 
the sun from each other by the method illustrated in Fig. 
36. S is the sun, E the earth, and M the planet when the 
planet is in opposition to the sun. The time at which the 
planet is in opposition is known by noting the date when it 
is on the meridian at midnight. After a certain period, 
say one hundred days, the planet will have moved to M' 
and the earth to E'. Since we know the periodic times 
of the earth and planet, we can calculate the angles M' SM 
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and ^ 8 E which the planet and earth will moYe over in 
any interval . 

At this date we can observe the angle M' E' 8, which is 
the angular distance between the sun and planet. (This 
ie called the planet's elongation.) 

In the triangle M' 8 E" we ehall know the angle at E", 
by observation, the angle at 8, since it is the difference 
between the known angles E S E" and M 8 Sf, and hence 




the angle at M'. Therefore a triangle can be constracted 
which has the same shape as HT 3 E*, and the n l ah w 
length of SM' and SE" thus beeoinee ^own. 

Kotbing is tnown from this calculation of the absolute 
values of S E OT SMin miles, but observations of this sort 
on all the planets give their relative distances from the 
sun. If we call iS E the astronomical unit, it was known 
to the ancients that 
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For Mercury ai = 0.3871 
Venus a, = 0.7233 
Earth a, = 1.0000 
Mars a^ = 1.5237 
Jupiter as = 5.2028 
Saturn «« = 9.5388 

The calculation which we have described could be made 
for every position of each planet, and thus its distances from 
the sun at every point of its orbit could he determined. 

The radius- vector of a planet is the line which joins it to 
the sun. 

The relative lengths of the radii-vectores of each planet 
at any time were thus found by observation, in terms of 
the earth's radius- vector =1. 




Fig. 37. 

Suppose 8 to be the sun, and draw lines SP, SP^, 8 P^ 
fi'P,, etc., to the heliocentric positions of a planet at dif- 
ferent times. On these lines lay off distances SP, 8P^, 
8 P^, etc., proportional to the lengths of the planet's radii- 
vectores determined as above. Join the points P, P^/P^, 
jPj,, etc. The line joining these is a visible representation 



loe 



ASTROS63lt: 



ot the Bhapo of the planet's orbit, drawn to scale. Thia 
shape is not that of a circle, bnt it is an ellipse, and the 
sun, S, is not at the centre but at a focus of the ellipse. 

An ellipse is a curve such that the sum of the distances 
of evert/ point of the curve from two fixed points (thefoci) 
is a constant quantity. 




The ElUpiB.— ^ D C P is an ellipse ; 5 and S' are the foei. By the 
deflnitioD of nn ellipse SP+PS=AG. and this is true for every 
point. Sis ilie focus occupied by thesuQ, "tbefllled focus," AS 
is the leail dulance of tlie planet from the sun, its perihelion ditlanee; 
and A IB the perihelion, that point nearest the sun. C is Ibeaphtlion, 
the point farthest from the sun. SA. SD, SO. SB, SF are radii- 
veclores nt different parts of the orbit, AGh the major axis 
of the orbit =3.1. This majnr axis of the orbit is twice Ihe meari 
dittanet of tiie planet from the sun. a, BD is the minor axis, 2b. 
The ratio of OS to OA is the eeceniricHy o( the ellipse. By tbe 
deflnition of the ellipse, again, BS-\-B8-= A 0; and BS=BS= a. 
BS' = BO'+OS'.orOS= V^-^ and tbe eccentricity of the 

„, .OS V^i"^' 
eUip8e.s^ = -^— . 

Kepler's Laws. — By computations based on the observa- 
tions of Mars made by Ttcho Bbahe, Kepleb deduced 
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his first two laws of motion in the solar system. The first 
law of Kepler is — 

/. Each playiet moves around the sun in an ellipse, hav- 
ing the sun at one of its foci. To understand Law II: 

Suppose the planet to be at the points F, P^, P„ P„ P^ 
etc., at the times T, T^, 7;, r„ T,, etc. (Fig. 37). 

Suppose the times T- T, T^— T^, T^- T^ to be equal. 
Kepler computed the areas of the surfaces F SP^, P^S P^, 
P^/SPj and found that these areas were equal also, and 
that this was true for each planet. The second law of Kep- 
ler is — 

//. The radius-vector of each planet describes equal areas 
in equal times. 

These two laws are true for each planet moving in its 
own ellipse about the sun. 

For a long time Kepler sought for some law which 
should connect tlie motion of one planet in its ellipse with 
the motion of another planet in its ellipse. Finally he 
found such a relation between the mean distances of the 
different planets (see table on page 107) and their periodic 
times (see table on p. 105). 

His third law is: 

///. The squares of the periodic times of the planets are 
proportional to the cubes of their mean distances from the 
sun. 

That is, if 7^, T^, T^, etc., are the periodic times of the 
different planets whose mean distances are a„ a„ a„ etc., 
then 

T,' : T^ = a," : «/; 
T: : T; = a: : a,"; 
etc. 
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If T^ and a, are the periodic time and the mean distance 
of the earth, and if 7^, (= 1 year) is taken as the unit of 
time and a, as the unit of distance, then we shall have 

r ' : 1 = a/ •: 1 or ^ = 1 or -^4- = 1; 

71" : 1 = a/ : 1 or ^ = 1 or -^ = 1; 

and so on. 

The data which Kepler had were not quite so accurate 
as those which we have given, and the table below shows 
the very figures on which Kepler's conclusion was based: 

Planet. af T T -r- a^ 

Mercury 0.2378 0.2408 years 1 .013 

Venus 0.6104 0.6151 1.008 

Earth 1.0000 1.0000 1.000 

Mars 1.8740 1.8810 1.004 

Jupiter 11.914 11.8764 0.996 

Saturn 28.058 29.4605 1.050 

Although the numbers in the third column were not 
strictly the same, their differences were no greater than 
might easily have been produced by the errors* of the obser- 
vations which Kepler used; and on the evidence here 
given he advanced his third law. The order of discovery 
of the true theory of the solar system was, then — 
I. To prove that the earth moved in space; 
II. To prove that the centre of this motion was the sun; 

III. To establish the three laws of Kepler, which gave 
the circumstances of this motion. 

By means of the first two laws of Kepler the motions of each 
planet in its own ellipse became known; that is, the position of the 
planet at any future time could be predicted. For example, if the 
planet was at P at a time 7, and the question was as to its place at a 
subsequent time T, this could be solved by computing, first, how 
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large an a/rea would be described by the radius- vector in the iuterval 
T — T; and second, what the angle at 8 of the sector having this 
area would be. Then drawing a line through S making this angle 
with the line 8P{s&y SP), and laying off the length of the radius- 
vector SP,^ the position of the planet became known. 

From the third law the relative values of the mean distances 
(tu ^a, ^4, dbf etc., could be determined with great and increasing ac- 
curacy. 

T 

From the equation— = 1, a could be determined so soon as Twas 

known. With each revolution of the planet T became known more 
accurately, as did also a. 

These laws are the foundations of our present theory of the solar 
system. They were based on observation pure and simple. We may 
anticipate a little to say that these laws have been compared with 
the most precise observations we can make at the present time, and 
discussed in all their consequences by processes unknown to Kep- 
ler, and that they are strictly true if we make the following modifi- 
cations. 

If there were only one planet revolving about the sun, then it 
would revolve in a perfect ellipse, and obey the second law exactly. 
In a system composed of the sun and more than one planet each 
planet disturbs the motion of every other slightly, by attracting it 
from the orbit which it would otherwise follow. 

Thus neither the first nor the second law can be precisely true of 
any planet, although they are very nearly so. In the same way the 
relation between the orbits of any two planets as expressed in the 
third law is not pircise, although it is a very close approximation. 

Elements of a Planet's Orbit. — When we know a and b for any orbit, 
the shape and size of the orbit is known. 

Knowing a we also know T, the periodic time; in fact a is found 
from 7 by Kepler's law III. 

If we know the planet's celestial longitude (L) at a given epoch, 
say December 31st, 1850, we have all the elements necessary for 
finding the place of the planet in its orbit at any time, as has been 
explained (page 110). 

The orbit lies in a certain plane; this plane intersects the plane of 
the ecliptic at a certain angle, which we call the inclination i. Know- 
ing I, the plane of the planet's orbit is fixed. The plane of the 
orbit intersects the plane of the ecliptic in a line, the line of the nodes. 
Half of the planet's orbit lies below (south of) the plane of the 
ecliptic and half above. As the planet moves in its orbit it must 
pass through the plane of the ecliptic twice for every revolutioa 
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The point where it passes through the ecliptic going from the south 
half to the north half of its orbit is the ascending node; the point 
where it passes through the ecliptic going from north to south is 
the descending node of the planet's orbit. If we have only the in- 
clination given, the orbit of the planet may lie anywhere in the plane 
whose angle with the ecliptic is i. If we fix the place of the nodes, 
or of one of them, the orbit is thus fixed in its plane. This we do 
by giving the (celestial) longitude of the ascending node £1. 

Now everything is known except the relation of the planet's orbit 
to the sun. This is fixed by the longitude of the periJielion, or P. 

Thus the elements of a planet's orbit are : 

t, the inclination to the ecliptic, which fixes the plane of the planet's 
orbit; 

£1, the longitude of the node, which fixes the position of the line of 
intersection of the orbit and the ecliptic; 

P, the longitude of the perihelion, which fixes the position of the 
major axis of the planet's orbit with relation to the sun, and hence 
in space; 

a and e, the mean distance and eccentricity of the orbit, which fix 
the shape and size of the orbit ; 

7* and M, the periodic time and the longitude at epoch, which enable 
the place of the planet in its orbit, and hence in space, to be fixed at 
any future or past time. 

The elements of the older planets of the solar system are now 
known with great accuracy, and their positions for two or three cen- 
turies past or future can be predicted with a close approximation to the 
accuracy with which these positions can be observed. 

See page 353, note to page 112. 



CHAPTER VI. 

UNIVERSAL GRAVITATION. 

Newton's Laws of Motion 

The establishment of the theory of universal gravitation 
furnishes one of the best examples of scientific method 
which is to be found. We shall describe its leading features, 
less for the purpose of making known to the reader the 
technical nature of the process than for illustrating the 
true theory of scientific investigation, and showing that such 
investigation has for its object the discovery of what we 
may call generalized facts. The real test of progress is 
found in our constantly increased ability to foresee either 
the course of nature or the effects of any accidental or arti- 
ficial combination of causes. So long as prediction is not 
possible, the desires of the investigator remain unsatisfied. 
When certainty of prediction is once attained, and the 
laws on which the prediction is founded are stated in their 
simplest form, the work of science is complete. 

To the pre-Newtonian astronomers the phenomena of 
the geometrical laws of planetary motion, which we have 
just described, formed a group of facts having no connection 
with anything on the earth's surface. The epicycles of 
HippARCHUS and Ptolemy were a truly scientific concep- 
tion, in that they explained the seemingly erratic motions 
of the planets by a single simple law. In the heliocentric 
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theory of Copernicus this law was still further simplified 
by dispensing in great part with the epicycle, and replacing 
the latter by a motion of the earth around the sun, of the 
same nature with the motions of the planets. But Coper- 
nicus had no way of accounting for, or even of describing 
with rigorous accuracy, the small deviations in the motions 
of the planets around the sun. In this respect he made no 
real advance upon the ideas of the ancients. 

Kepler, in his discoveries, made a great advance in rep- 
resenting the motions of all the planets by a single set of 
simple and easily understood geometrical laws. Had the 
planets followed his laws exactly, the theory of planetary 
motion would have been substantially complete. Still, 
further progress was desired for two reasons. In the first 
place, the laws of Kepler did not perfectly represent all 
the planetary motions. When observations of the greatest 
accuracy were made, it was found that the planets deviated 
by small amounts from the ellipse of Kepler. Some small 
emendations to the motions computed on the elliptic theory 
were therefore necessary. Had this requirement been ful- 
filled, still another step would have been desirable; namely, 
that of connecting the motions of the planets with motions 
upon the earth, and reducing them to the same laws. 

Notwithstanding the great step which Kepler made in 
describing the celestial motions, he unveiled none of the 
great mystery in which they were enshrouded. When Kep* 
ler said that observation showed the law of planetary mo- 
tion to be that around the circumference of an ellipse, as 
asserted in his law, he said all that it seemed possible to 
learn, supposing the statement perfectly exact. And it 
was all that could be learned from the mere study of the 
planetary motions. In order to connect these motions with 
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those on the earth, the next step was to study the laws of 
force and motion here around us. Singular though-it may 
appear, the ideas of the ancients on this subject were far 
more erroneous than their conceptions of the motions of 
the planets. We might almost say that before the time of 
Galileo scarcely a single correct idea of the laws of motion 
was generally entertained by men of learning. Among 
those who, before the time of Newton, prepared the way 
for the theory in question, Galileo, Huyghens, and 
HooKE are entitled to especial mention. The general laws 
of motion laid down by Newton were three in number. 

Law First: Every body preserves its state of rest or of 
uniform motion in a right line, unless it is compelled to 
change that state by forces impressed thereon. 

It was formerly supposed that a body acted on by no force tended 
to come to rest. Here lay one of the greatest difficulties which the 
predecessors of Newton found, in accounting for the motion of the 
planets. The idea that the sun in some way caused these motions 
was entertained from the earliest times. Even Ptolemy had a vague 
idea of a force which was always directed toward the centre of the 
earth, or, which was to him the same thing, toward the centre of the 
universe, and which not only caused heavy bodies to fall, but bound 
the whole universe together. Kepler, again, distinctly affirms the 
existence of a gravitating force by which the sun acts on the planets; 
but he supposed that the sun must also exercise an impulsive forward 
force to keep the planets in motion. The reason of this incorrect 
idea was, of course, that all bodies in motion on the surface of the 
earth had practically come to rest. But what was not clearly seen 
before the time of Newton, or at least before Galileo, was that 
this arose from the inevitable resisting forces which act upon all 
moving bodies upon the earth. 

Law Second: The alteration of motion is ever propor^ 
tional to the moving force impressed, and is made in the 
direction of the right line in which that force acts. 
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The first law might be considered as a particular case of this sec- 
ond one which arises when the force is supposed to vanish. The ac- 
curacy of both laws can be proved only by very carefully conducted 
experiments. They are now considered as conclusively proved. 

Law Third: To every action there is always opposed an 
equal reaction ; or the mutual actions of two bodies upon 
each other are always equal, and in opposite directions. 

That is, if a body A acts in any way upon a body B, B will exert 
a force exactly equal on A in the opposite direction. 

These laws once established, it became possible to calculate the mo- 
tion of any body or system of bodies when once the forces which act 
on them were Imown, and, vice versa, to define what forces were re- 
quisite to produce any given motion. The question which presented 
itself to the mind of Newton and his contemporaries was this: Under 
what law of force will planets move round the sun in accordance with 
Ejipler's laws f 

Supposing a body to move around in a circle, and putting R the 
radius of the circlei T the period of revolution, HuYGHENshad shown 
that the centrifugal force of the body, or, which is the same thing, 
the attractive force toward the centre which would keep it in the 

circle, was proportional to -=7^. But by Kjipler's third law T* is pro- 
portional to B?. Therefore this centripetal force is proportional to 

p 1 

-^; that is, to -^. Thus it followed immediately from Kepler's 

third law that the central force which would keep the planets in their 
orbits was inversely as the square of the distance from the sun, sup- 
posing each orbit to be circular. The first law of motion once com- 
pletely understood, it was evident that the planet needed no force 
impelling it forward to keep up its motion, but that, once started, it 
would keep on forever. (See note on page 133.) 

The next step was to solve the problem. What law of force will 
make a planet describe an ellipse around the sun, having the latter 
in one of its foci? Or, supposing a planet to move round the sun, 
the latter attracting it with a force inversely as the square of the dis- 
tance; what will be the form of the orbit of the planet if it is not cir- 
cular? A solution of either of these problems was beyond the power 
of mathematicians before the time of Newton ; and it thus remained 
uncertain whether the planets moving under the influence of the 
sun's gravitation would or would not describe ellipses. Unable, at 
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first, to reach a satisfactory solution, Newton attacked the problem 
in another direction, starting from the gravitation, not of the sun, 
but of the earth, as explained in the following section. 

OEAYITATIOK IK THE HEAYEKS. 

The reader is probably familiar with the story of New- 
ton and the falling apple. Although it has no authorita- 
tive foundation, it is strikingly illustrative of the method 
by which Newton must have reached a solution of the 
problem. The course of reasoning by which he ascended 
from gravitation on the earth to the celestial motions was as 
follows: We see that there is a force acting all over the earth 
by which all bodies are drawn toward its centre. This 
force is called gravitation. It extends without sensible 
diminution to the tops not only of the highest buildings, 
but of the highest mountains. How much higher does it 
extend? Why should it not extend to the moon? If it 
does, the moon would tend to drop toward the earth, just 
as a stone thrown from the hand drops. As the moon 
moves round the earth in her monthly course, there must 
be some force drawing her toward the earth; else, by the 
first law of motion, she would fly entirely away in a straight 
line. Why should not the force which makes the apple 
fall be the same force which keeps her in her orbit? To 
answer this question, it was not only necessary to calculate 
the intensity of the force which would keep the moon her- 
self in her orbit, but to compare it with the intensity of 
gravity at the earth's surface. It had long been known 
that the distance of the moon was about sixty radii of the 
earth, from measures of her parallax (see page 57). If 
this force diminished as the inverse square of the distance, 
then at the moon it would be only ^^^ as great as at the 
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surface of the earth. On the earth a body falls sixteen feet 
in a second. If, then, the theory of gravitation were cor- 
rect, the moon ought to fall towards the earth -^^^ of this 
amount, or about ^ of an inch in a second. The moon 
being in motion, if we imagine it moving in a straight line 
at the beginning of any second, it ought to be drawn away 
from that line ^ of an inch at the end of the second. 
When the calculation was made it was found to agree ex- 
actly with this result of theory. Thus it was shown that 
the force which holds the moon in her orbit is the same 
force that makes the stone fall, diminished as the inverse 
square of the distance from the centre of the earth. 

It thus appeared that central forces, both toward the sun 
and toward the earth, varied inversely as the squares of the 
distances. Kepler's second law showed that the line drawn 
from the planet to the sun would describe equal areas in 
equal times. Newton showed that this could not be true 
unless the force which held the planet was directed toward 
the sun. We have already stated that the third law showed 
that the force was inversely as the square of the distance, 
and thus agreed exactly with the theory of gravitation. It 
only remained to consider the results of the first law, that 
of the elliptic motion. After long and laborious efforts, 
Newtoist was enabled to demonstrate rigorously that this 
law also resulted from the law of the inverse square, and 
could result from no other. Thus all mystery disappeared 
from the celestial motions; and planets were shown to be 
simply heavy bodies moving according to the same laws that 
were acting here around us, only under very different cir- 
cumstances. All three o/" Kepler's laws were embraced in 
the single law of gravitation toward the sun. The sun at- 
tracts the planets as the earth attracts bodies here around us. 
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Mutual Action of the Planets. — By Newton*s third law of motion, 
each planet must attract the sun with a force equal to tliat which the 
sun exerts upon the planet. The moon also must attract the earth 
as much as the earth attracts the moon. Such being the case, it 
must he highly probable that the planets attract each other. If so, 
Kepler's laws can only be an approximation to the truth. The sun, 
being immeusely more massive than any of the planets, overpowers 
their attraction upon each other, and makes the law of elliptic mo- 
tion very nearly true. But still the comparatively small attraction 
of the planets must cause some deviations. Now, deviations from 
the pure elliptic motion were known to exist in the case of several of 
the planets, notably in that of the moon, which, if gravitation were 
universal, must move under the influence of the combined attraction 
of the earth and of the sun. Newton, therefore, attacked the com- 
plicated problem of the determination of the motion of the moon 
under the combined action of these two forces. He showed in a 
general way that its deviations would be of the same nature as those 
shown by observation. But the complete solution of the problem, 
which required the answer to be expressed in numbers, was beyond 
his power. 

Gravitation Besides in each Particle of Matter.— Still 
another question arose. Were these mutually attractive 
forces resident in the centres of the several bodies attracted, 
or in each particle of the matter composing them? New- 
ton showed that the latter must be the case, because the 
smallest bodies, as well as the largest, tended to fall toward 
the earth, thus showing an equal gravitation in every sepa- 
rate part. It was also shown by Newton that if a planet 
were on the surface of the earth or outside of it, it would 
be attracted with the same force as if the whole mass 
of the earth were concentrated in its centre. Putting 
together the various results thus arrived at, Newtok 
was able to formulate his great law of universal gravita- 
tion in these comprehensive words: ^^ Every particle of 
matter in the universe attracts every other particle with 
a force directly as the masses of the two particles , and 
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inversely as the square of the distance which separates 
them.^' 

To show the nature of the attractive forces among these various 
particles, let us represent by m and m! the masses of two attracting 
bodies. We may conceive the body m to be composed of m par- 
ticles, and the other body to be composed of m! particles. Let us 
conceive that each particle of one body attracts each particle of the 

other with a force -^. Then ever}*^ particle of m will be attracted by 

each of the m' particles of the other, and therefore the total attractive 

force on each of the m particles will be —^. Each of the m particles 

being equally subject to this attraction, the total attractive force be- 

tween the two bodies will be — -^. When a given force acts upon 

a body, it will produce less motion the larger the body is, the accd- 
erating force being proportional to the total attracting force divided 
by the mass of the body moved. Therefore the accelerating force 
which acts on the body m', and which determines the amount of 

motion, will be -;,; and conversely the accelerating force acting on 

m' 
the body m will be represented by the fraction 
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Eemasks on the Theobt of Geavitatioh. 

The real nature of the great discovery of Newton is so 
frequently misunderstood that a little attention may be 
given to its elucidation. Gravitation is frequently spoken 
of as if it were a theory of Newton's, and very generally 
received by astronomers, but still liable to be ultimately 
rejected as a great many other theories have been. Not 
infrequently people of greater or less intelligence are found 
making great efforts to prove it erroneous. Newton did 
not discover any new force, but only showed that the 
motions of the heavens could be accounted for by a force 
which we all know to exist. Gravitation (Latin gravitas — 
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weight, heaTiness) is the force which makes all bodies 
here at the surface of the earth tend to fall downward; 
and if any one wishes to subvert the theory of gravitation, 
he must begin by proving that this force does not exist. 
This no one would think of doing. What Newton did 
was to show that this force^ which, before his time, had 
been recognized only as acting on the surface of the earth, 
really extended to the heavens, and that it resided not only 
in the earth itself, but in the heavenly bodies also, and in 
each particle of matter, however situated. To jput the 
matter in a terse form, what Newton discovered was not 
gravitation, but the universality of gravitation. 

It may be inquired, is the induction which supposes 
gravitation universal so complete as to be entirely beyond 
doubt? We reply that within the solar system it certainly 
is. The laws of motion as established by observation and 
experiment at the surface of the earth must be considered 
as mathematically certain. It is an observed fact that the 
planets in their motions deviate from straight lines in a 
certain way. By the first law of motion, such deviation 
can be produced only by a force; and the direction and 
intensity of this force admit of being calculated once that 
the motion is determined. When thus calculated, it is 
found to be exactly represented by one great force con- 
stantly directed toward the sun, and smaller subsidiary 
forces directed toward the several planets. Therefore no 
fact in nature is more firmly established than that of uni- 
versal gravitation, as laid down by Newton, at least within 
the solar system. (The student should read p. 278.) 

We shall find, in describing double stars, that gravita- 
tion is also found to act between the components of a great 
number of such stars. It is certain, therefore, that at 
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least some stars gravitate toward each other^ as the bodies 
of the solar system do; but the distance which separates 
most of the stars from each other and from our sun is so 
immense that no evidence of gi'avitation between individual 
stars and the sun has yet been given by observation. Still, 
that they do gravitate according to Newton's law can 
hardly be seriously doubted by any one who understands 
the subject. 

The student may now be supposed to see the absurdity 
of supposing that the theory of gravitation can ever be 
subverted. It is not, however, absurd to suppose that it 
may yet be shown to be the result of some more general 
law. Attempts to do this are made from time to time 
by men of a philosophic spirit; but thus far no theory of 
the subject having much probability in its favor has been 
propounded. 

Note to Page 116. 

Suppose a body m to move about a central body Jf in a circular 
orbit of radius r, in a periodic time t, with a velocity F. The cir- 
cumference of the circle is 2;rr ; it is described in a time t ; hence 

(1) F = . The relation of the force and the velocity of such 

a body m is expressed by the equation 

(2) f=^ or /=4;r'(i). 

In this equation / is the measure of the central force by which m is 
retained in its orbit. If this force ceased to act at any moment m 
would fly away from its circular orbit and would move along a tan- 
gent to the circle (Law I, page 115). Hence /is sometimes cfiled the 
centrifugal force. 

From the law of gravitation we have (page 119) / = — |, Jf being 

^ ^ ^ ^ 4;r2r ,, 4;r«r« ,«, 

the sun's mass ; therefore / = — ^ = ^ , or v = ^ . (3) 

For another planet m' revolving in an orbit of radius r' in a time If 

4 Tt!^ t'^ 

(4) t'^ = — i^^- and consequently 

(5) <« : ^'8 = r« : r'*, which is the third law of Kepler. 



CHAPTEE VII. 

THE MOTIONS AND ATTRACTION OF THE MOON. 

Each of the planets, except Mercury and Venus, is at- 
tended by one or more satellites, or moofis as they are 
sometimes familiarly called. These objects revolve around 
their several planets in nearly circular orbits, accompany- 
ing them in their revolutions around the sun. Their dis- 
tances from their planets are very small compared with the 
distances of the latter from each other and from the sun. 
Their magnitudes also are very small compared with those 
of the planets around which they revolve. Considering 
each system by itself, the satellites revolve around their 
central planets, or " primaries," in nearly circular orbits, 
and in each system Kepler's laws govern the motion of the 
satellites about the primary. Each system is carried around 
the sun without any derangement of the motion of its sev- 
eral bodies among themselves. 

Our earth has a single satellite accompanying it in this 
way, the moon. It revolves around the earth in a little 
less than a nionth. The nature, causes, and consequences 
of this motion form the subject of the present chapter. 

The Mooif's MoTioKs and Phases. 

That the moon performs a monthly circuit in the heavens is a fact 
with which we are aU familiar from childhood. At certain times we 
see her newly emerged from the sun's rays in the western twilight, 
and then we call her the new moon. On each succeeding evening 
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we see her further to the east, so that in two weeks she is opposite 
the sun, risiDg in the east as he sets in the west. Contiuuing her 
course two weeks more, she has approached the sun on the other 
side, or from the west, and is once more lost in his rays. At the end 
of twenty- nine or thirty days, we see her again emerging as new 
moon, and her circuit is complete. The sun has been apparently 
moving toward the east among the stars during the whole month, so 
that during the interval from one new moon to the next the moon 
has to make a complete circuit relatively to the stars, and to move 
forward some 30" further to overtake tlie sun, which has also been 
moving toward the east at the late of 1° daily. The revolution of 
the moon among the stars is performed in about 27^ days,* so that if 
we observe when the moon is very near some star, we shall find her 
in the same position relative to the star at the end of this interval. 

The motion of the moon in this circuit differs from the apparent 
motions of the planets in being always forward. We have seen that 
the planets, though, on the whole, moving toward the east, are 
effected with an apparent retrograde motion at certain intervals, ow- 
ing to the motion of the earth around tlie sun. But the earth is the 
real centre of the moon's motion, and carries the moon along with it 
in its annual revolution around the sun. To form a correct idea of 
the real motion of these three bodies, we must imagine the earth per- 
forming its circuit around the sun in one year, and carrying with it 
the moon, which makes a revolution around it in 27 days, at a dis- 
tance only about ^J^ that of the sun. 

Phases of the Moon. — The moon, being a non-luminous 
body, shines only by reflecting the light falling on her from 
some other body. The principal source of light is the sun. 
Since the moon is spherical in shape, the sun can illumi- 
nate one half her surface. The appearance of the moon 
varies according to the amount of her illuminated hemi- 
sphere which is turned toward the earth, as can be seen by 
studying Fig. 39. Here the central globe is the earth} 
the circle around it represents the orbit of the moon. The 
rays of the sun fall on both earth and moon from the 
right, the distance of the sun being, on the scale of the 

* More exactly, 27.32166*. 
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Ogure, some 30 feet Eight positionB of the moon are 
ehown around tlio orbit at A, E, 0, etc., and the right- 
hand hemisphere of the moon ia illuminated in each poei- 
tioa, Oatside these eiglit positions are eight others show- 
ing how the moon looks as seen from the earth in each 
position. 
At A it is "new moon," the moon being nearlj between 




the earth and tlie sun. Its dark lieraisphere is then turn- 
ed toward the earth, so that it is entirely invisible. The 
sun and moon then rise and set together. 

At E the observer on the earth sees about a fourth of 
the illuminated hemisphere, which looks like a crescent, as 
shown in the outside figure. In this position a great deal 
of light is reflected from the earth to the moon, rendering 
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the dark part of the latter visible by a gray light. This 
appearauce is sometimes called the ^^old moon in the new 
moon's arms." At the moon is said to be in her "first 
quarter," and one half her illuminated hemisphere is yisi- 
ble. The moon is on the meridian at 6 p.m. At three 
fourths of the illuminated hemisphere is yisible, and at B 
the whole of it. The latter position, when the moon is 
opposite the sun, is called "full moon." The moon rises 
at sunset. After this, at H, D, F, the same appearances 
are repeated in the reversed order, the position D being 
called the " last quarter." 

The Tn>E& 

It is Dot possible in an elementary treatise to give a complete ac- 
count of the theory of the tides of the ocean due to the effect of the 
sun and moon. A general account may be presented which will be 
sufficient to show the nature of the effects produced and of their 
causes. (See Fig. 39».) 

Let us consider the earth to be composed of a solid centre sur- 
rounded by an ocean of uniform (and not very great) depth. The 
moon exercises an attraction upon every particle of the earth's mass, 
solid and fluid alike. The attraction of the whole moon (if) upon 

H/f vn 

a particle m is — ,-, where p is the distance from the centre of the 

moon to m. lim is one of the solid particles of the earth, it cannot 
move towards M in obedience to the attraction unless all the other 
solid particles move, since the earth proper is rigid. 
If m is a fluid particle, it is free to move in obedience to the forces 

impressed upon it. The attraction of Jf is proportional to — ,-; that is, 

the particles nearest M are most attracted, and, on the whole, the 
water on the part of the earth nearest the moon will be raised to- 
ward M, 

The moon also attracts the solid parts of the earth more than she 
attracts the water most distant from her, and this produces exactly 
the same effect as if there was another moon M' exactly opposite to 
M, The elevation of the water under M' will not be quite as great 
as that under M, on account of the increased distance from M. 
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Thus the moon's action tends to elevate the whole mass of water on 
the line joining her centre with the centre of the earth, and this is so 
not only on the part of this line nearest the moon, but also on that 
farthest from her. 

This elevation of the waters of the ocean above their mean level is 
called the tide. The tidal effect of the moon produces a distortion of 
the spherical shell of water which we have supposed to surround the 
earth, and elongates this shell into the shape of an ellipsoid, the longer 
axis of which is always directed to the moon. Now as the moon 
moves around the earth once in 24^ 54"^, this ellipsoidal shape must 
also move with her. The crest of the wave directly under M would 
come back to the same meridian every 24*^ 54". The outer crest (under 
M') would come 12^ 27" after the first, so there would be two high 
tides at any one meridian every (lunar) day. The first (and largest) 
high tide would be at the time of the moon's visible transit over the 
meridian. The second high tide would be 12^ 27° later, when the 
moon was on the lower meridian of the place. 

The high tides occur when there is more water than the mean 
depth, and between these high tides we should have low tides, two 
in each lunar day. Similarly there would be two high tides daily at 
each meridian, due to the attractive force of the sun. These would 
have a period of 24 hours and could not always agree with the lunar 
high tides. When the solar and lunar high tides coincided (at new 
and full moon), then we should have the highest high tides and the 
lowest low tides. (These are the Spring tides, so called.) When the 
moon and the sun were 90° apart (moon at first and third quarter), 
then we should have the lowest high tides and the highest low tides. 
(Neap tides, so called.) 

The tide-producing force of the moon is to that of the sun as 800 is 
to 355. The great mass of the sun compensates in some degree for 
his relatively great distance. 

At spring tides sun and moon work together; at neap tides they 
oppose each other. The relative heights are as 800 + 355 : 800 — 355, 
or as 13 to 5 approximately. 

The explanation above relates to an earth covered by an ocean of 
uniform depth. To fit it to the facts as they are, a thousand cir- 
cumstances must be taken into account, which depend upon the 
modifying effects of continents and islands, of deep and shallow 
seas, of currents and winds. Practically, the high tide at any sta- 
tion is predicted by adding to the time of the moon's transit over 
its meridian a quantity determined from observation and not from 
theory. 



128 ASTRONOMY. 

EflBota of tlie TldM npon the Earth's SatfttiDn. — As the tide-wave 
moves it meets with resistauce due lo friction. The amount of Ihis 
resistance is aubtracted daily from the earth's energy of rotatiou. 
The tidea net on the earth, in a way, as if they were a light frictioD- 
braite applied to an enormously heavy wheel turning rapidly. The 
wheel has been aet to turning, and, so far as we know, it will never 
have any more rotative energy given to it. Every subtraction of 
energy, however small, is a positive and irretrievable loss. 

Tlie lunar tidea are gradually, though very slowly, lengthening the 
day. Since accurate astronomical observalions began there baa been 
no obsertaiionfil proof of any appreciable change in the length of the 
day, but the change has been going on nevertheless. 
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In the figure M is the moon on the meridian Om of a 
place m. It is high water at m and m'. It is low water 
at m" and fn'". In an hour the moon will have moved to 
1' and the crest of the wave to 1, Tlie tide will be high 
at 1 and falling at m. As the moon moves by the diumal 
motion to 2', 'd', M'", M', the crest will move with it. 
When the moon is at M'" it is low wat«r at m and m'. 
When the moon is at M', it is again high water at wi; and 
so on. If we suppose J/ to be the sun, a similar set of 
snTar tides will be produced every 24 hours. The actnal 
s produced by the superposition of the solar and 
tides. 



CHAPTER VIII. 

ECLIPSES OF THE SUN AND MOON. 

Eclipses are phenomena arising from the shadow of one 
body being cast upon another, or from a dark body passing 
oyer a bright one. In an eclipse of the sun, the shadow of 
the moon sweeps over the earth, and the sun is wholly or 
partially obscured to observers on that part of the earth 
where the shadow falls. In an eclipse of the moon, the 
latter enters the shadow of the earth, and is wholly or 
partially obscured in consequence of being deprived of 
some or all of its borrowed light. The satellites of other 
planets are from time to time eclipsed in the same way by 
entering the shadows of their primaries ; among these the 
satellites of Jupiter are objects whose eclipses may be 
observed with great regularity. 

The Eabth's Shabow and Penuhbba. 

In Fig. 40 let 8 represent the sun, and E the earth. Draw straight 
lines, i>5Fand lyB'V, each tangent to the sun and the earth. 
The two bodies being supposed spherical, these lines will be the 
intersections of a cone with the plane of the paper, and may be 
taken to represent that cone. It is evident that the cone B VBf will 
be the outline of the shadow of the earth, and that within this cone 
no direct sunlight can penetrate. It is therefore called the earth's 
thadaw-cone. 

Let us also draw the lines jyBP and DB'P' to represent the 
other cone tangent to the sun and earth. It is then evident that 
within the region VBP and YBP' the light of the sun will be 
partially but not entirely cut off. 
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DimennoTtt of Sltadme. — Let ua iuvesllgate the distance E V from 
the centre of the earth to tlie vertei of the ahudow. Tlie triangles 
VEB aod VSD arc ehnilai', having a right angle at B and at D. 
Hence 

rE:ES= r8:8D = E8:{,SI>~EB]. 
So if we put 

1= VB, the length of the shadow measured from the centre of 
tha earth, 
r = ES, llie nidi 118- vector of the earth, 
B = SB, the radius of tlie sun, 
p — EB, the radius of the earth, 

we Lave 




Tliat is, I ia eipresBed in terms of known quantities, and thus is 
known. 

The radius of the shadow dimiulsliea uniformly with the distance 
as we go outward from the earth. At any distance t from the 

earth's centre it will he equal to (l —JC for this formula gives 
the radius p when z = 0, and the diameter zero when c = t OB it 
should.* 



• It win be Doted that thla eipres^on is not, rigorously speakinji, the Beml- 
diam<-ler at the shadow, but the shortest distance from a poiut ou lis ceutnJ 
line Id its uonlcai surtiice. This distance Is measured <□ a direction EB perpen- 
dicular to D II. whereas Ihe diameter would be peipendiculsr to the axis 8S, 
and itg balf-luagth would be a Utile greater than EB. 
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Eclipses of the Moon. 

The mean distance of the moon from the earth is about 
60 radii of the latter, and the length E V of the earth's 
shadow is 217 radii of the earth. Hence when the moon 
passes through the shadow she does so at a point less than 
three tenths of the way from E to V. The radius of the 
shadow here will be ^^{>^ ^ of the radius E B oi the earth, 
a quantity which we readily find to be about 4600 kilo- 
metres. The radius of the moon being 1736 kilometres, it 
will be entirely enveloped by the shadow when it passes 
through it within 2864 kilometres of the axis E V of the 
shadow. If its least distance from the axis exceed this 
amount, a portion of the lunar globe will be outside the 
limits BV oi the shadow-cone, and will therefore receive a 
portion of the direct light of the sun. If the least distance 
of the centre of the moon from the axis of the shadow is 
greater than the sum of the radii of the moon and the 
shadow — that is, greater than 6336 kilometres — the moon 
will not enter the shadow at all, and there will be no eclipse 
proper, though the brilliancy of the moon is diminished 
wherever she is within the penumbral region. 

When an eclipse of the moon occurs, the phases are laid down 
in the almanac. (See Fig. 40.) Supposing the moon to be moving 
around the earth from below upward, its advancing edge first 
meets the boundary BP' of the penumbra. The time of this 
occurrence is given in the almanac as that of "moon entering 
penumbra." A small portion of the sunlight is then cut off from the 
advancing edge of the moon, and this amount constantly increases 
until the edge reaches the boundary B' V of the shadow. It is 
curious, however, that the eye can scarcely detect any diminution in 
the brilliancy of the moon until she has almost touched the boundary 
of the shadow. The observer must not, therefore, expect to detect the 
coming eclipse until very nearly the time given in the almanac as that 
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of "moon entering shadow." As this happens, the advancing 
portion of the lunar disli will be entirely lost to view, as if it were 
cut off by a rather ill-defined line. It takes the moon about an hour 
to move over a distance equal to her own diameter, so that if the 
eclipse is nearly central the whole moon will be immersed in the 
shadow about an hour after she first strikes it. This is the time of 
beginning of total eclipse. So long as only a moderate portion of 
the moon's disk is in the shadow, that portion will be entirely 
invisible, but if the eclipse becomes total the whole disk of the moon 
will nearly always be plainly visible, shining with a red coppery 
light. This is owing to the refraction of the sun's rays by the lower 
strata of the earth's atmosphere. We shall see hereafter that if a ray 
of light D B passes from the sun to the earth, so as just to graze the 
latter, it is bent by refraction more than a degree out of its course, 
so that at the distance of the moon the whole shadow of the earth 
is filled with this refracted light. An observer on the moon would, 
during a total eclipse of the latter, see the earth surrounded by a 
ring of light, and this ring would appear red, owing to the absorp- 
tion of the blue and green rays by the earth's atmosphere, just as the 
eun seems red when setting. 

The moon may remain enveloped in the shadow of the earth 
during a period ranging from a few minutes to nearly two hours, 
according to the distance at which she passes from the axis of the 
shadow and the velocity of her angular motion. When she leaves 
the shadow, the phases which we have described occur in reverse 
order. 

It very often happens that the moon passes through the penumbra 
of the earth without touching the shadow at all. The diminution of 
light in such cases is scarcely perceptible unless the moon at least 
grazes the edge of the shadow. 

Eclipses of the Sttk. 

In Fig. 40 we may suppose B E B' to represent the 
moon. The geometrical theory of the shadow will remain 
the same, though the actual length of the shadow in 
miles will be much less. The mean length of the moon's 
shadow cast by the sun is 377,000 kilometres. This is 
nearly equal to the distance of the moon from the earth 
when she is in conjunction with the sun. We therefore 
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conclude that when the moon passes between the earth 
and the sun, the former will be very near the vertex V of 
the shadow. As a matter of fact, an observer on the 
earth's surface will sometimes pass through the region 
C VO', and sometimes on the other side of F. 

Now, in Fig. 40, still supposing BE B io be the moon, and 
8 Diy to be the sun, let us draw the lines DBF and D'BP tan- 
gent to both moon and sun, but crossing each other between these 
bodies at b. It is evident that an observer outside the space 
PBBP will see the whole sun, no part of the moon being project- 
ed upon it; while within this space the sun will be more or less 
obscured. The whole obscured space may be divided into three 
regions, in each of which the character of the phenomenon is dif- 
ferent. 

First, we have the region BVB forming the shadow-cone proper. 
Here the sunlight is entirely cut off by the moon, and darkness is 
therefore complete, except so far as light may enter by refraction 
or reflection. To an observer at V the moon would exactly cover 
the sun, the two bodies being apparently tangent to each other all 
around. 

Secondly, we have the conical region to the right of V between 
the lines B V and B F continued. In this region the moon is seen 
wholly projected upon the sun, the visible portion of the latter 
presenting the form of a ring of light around the moon. This ring 
of light will be wider in proportion to the apparent diameter of the 
sun, the farther out we go, because the moon will appear smaller 
than the sun, and its angular diameter will diminish in a more rapid 
ratio than that of the sun. This region is that of annular eclipse, 
because the sun will present the appearance of an annulus or ring of 
light around the moon. 

Thirdly, we have the region PBV and PB' V, which we notice 
is continuous, extending around the interior cone. An observer 
here would see the moon partly projected upon the sun, and there- 
fore a certain part of the sun's light would be cut off. Along the 
inner boundary B V and B V the obscuration of the sun will be 
complete, but the amount of sunlight will gradually increase out to 
the outer boundary BPB F, where the whole sun is visible. This 
region of partial obscuration is called the penumbra. 

To show more clearly the phenomena of solar eclipses, we present 
another figure representing the penumbra of the moon thrown upon 
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the earth.* The outer of the two circles 8 repreecals llie limb of the 
auQ. Tlie exterior tiingcnts which mark tlie bouudary of the shadow 
cross each uther at Y beroi-c reaching the earth. The earth (E) beiog 
a little beyond the vertex of the eliadow, there cao be no total eclipse. 
In this case an obBervcr in the penurabral region, CO or DO, will 
see tlie moon partly proJL'Cled on the sun, while if he chance to be 
situated at lie will tie on immilar eclipse. To show liow this 
19, we draw dotted lines fiom langeut to the moon. The angle 
between these liuea represents the apparent diameter of the moon as 
seen flora the earth. Continuiug thera to the sun, they show the 
apparent diameter of tlie moon as projected upon the sun. It will 
bo aeen that, in the case supposed, wlieii the vertex of the shadow 
is between the earth and moon the latter will necessarily appear 
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smaller than the sun, and the observer will see a portion of the solar 
disk on all sides of the moon, as shown in Pig, 42. 

If the moon were a little nearer the earth than it Is represented 
in Fig. 41, its shadow would reach the earth in the neighborhood 
of 0. We should then have a total eclipse at each point of the earth 
on which it fell. It will be seen, however, that a total or annular 
eclipse of the sun is visible only on a very small portion of the earth's 
surface, because the distance of the moon changes so little that the 
earth can never be far from the vertex F of the shadow. As the 

* It will be noted that all the tlgures at eclipsea are necessarll; drava rery 
much out of proportloD. BeaJly the sua Is WD times the dietacce oF tbe moon, 
wblch again la 60 times the radius ot the earth. But It would be entlrelf Im- 
poBBlble to draw a figure of Cbto proportlou; we are therefore obliged to 
represent the earth In Fig. H aa larger than the sun, and the moon as oearlf 
half wa^ between the earth and BUq. 
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moon moves around the earth from v 
the eclipse he total or annular, ti 
diameter of the shadow at 
surfuce of the earth ranges from ' 
zero 1o 150 miles. It therefore i 
Bweepa along a belt of the 
earth'a surface of that breadth, 
in the same direction in which 
the earth is rotating. 1 
Telocity of the moon relative to 
tlie eartli being 3400 kilometres 
per hour, the shadow would 
pass along with this velocity if 
the earth did not rotate, 
owing to the earth's rotat 
the velocity relative to points 
on its surface may range from 
2000 to 8400 kilometres (1300 ' 

to 3100 miles). "" ~"' ' ~ ~ ~ 

The reader will readily understand that in order to see a total 
eclipse an observer must slation himself beforehand al some point of 
the earth's surface over which the shadow is to pass. These points 
are generally calculated some years in advance, in the oslrouomical 
ephemerides. 
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It will be seen that a partial eclipse of the sun may be 
Tiaible from a much larger portion of the earth's surface 
than a total or annular one. The space CD (Fig. 41) over 
which the penumbra estcnds is generally of about one half 
the diameter of the earth. Boughly speaking, a partial 
eclipBe of the sun may sweep over a portion of the earth's 
surface ranging from zero to perhaps one fifth or one sixth 
of the whole. 

There are really more eclipses of the sun than of the 
moon. A year never passes without at least two of the 
former, and sometimea fire or six, while there are ntrely 
more than two eclipses of the moon, and in many years 
none at all. But at any one place more eclipses of the 
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moon will be seen than of the sun. The reason of this is 
that an eclipse of the moon is visible over the entire hemi- 
sphere of the earth on which the moon is shining, and as 
it lasts several houra, obserrcrs who are not in this hemi- 
sphere at the beginning of the eclipse may, by the earth's 
rotation, be brought into it before it ends. Thns the 
eclipse will be seen over more than half the earth's surface. 
But, as we have jnst sCen, each eclipse of the sun can be 
seen over only so small a fraction of the earth's surface as 
to more than compensate for the greater absolute fre- 
qoency of solar eclipses. 




It will be seen that, in order to have either a total or 
annular eclipse visible upon the earth, the line joining 
the centres of the snn and moon, being continued, must 
strike the earth. To an observer on this line the centres 
]ot the two bodies will seem to coincide. An eclipse in 
) which this occurs is called a central one, whether it be' 
total or annular. Fig. 43 will perhaps aid in giving a 
clear idea of the phenomena of eclipses of both sun and 
moon. 

TEE KECUSSEKCE OF ECIIPBE8. 

If the orbit of tlie moon around Che earrli were in or near the 
plane of tlie ecliptic there would be au eclipse of the aun at every 
new uoon, and an eclipse o£ llie moon al every full mooR. But, 
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owing to Uie tuclinstioD of the moon's orbit (five degrees to tha 
ecliptic), tLe Bhadow and peuumbrtL of the moon commoDlj pass above 
or below the ewih at tbe time of new moon, while the moon, at her 
full, commonly passes above or below tlie shadow ot the eartli. It 
is only when ihe moon is near lis node at Itae moment of new or full 
mooD that an eclipse can occur. 

The queaiion now arises, how near must tbe moon be to lis node 
in order that an eclipse may occur? It is found that it, at the 
moment of new moou, the moon is more than 18°. 6 tram its node 
no eclipse of the sun is possible, while if it is less than \Z° -t an 
eclipse is certain. Between tliese limits an eclljwe may occur or fail 
accordins to the respective distances of the sun and moon from the 
eartb. Hulf way between these limits, or say 18° from the node, it 




FtQ. 44,— niiMtrating lunar eclipse at dWerent dlitancM from the node. The 
dark irrclBB are the earth's shadow, the centre o[ which is ftlwftye la the oeliptio 
A B. The moon's orbIC la represeoted b; CD. MO the ecllpBe la central and 
lolsl, U F It is partial, and at S there Is barel; an eclipse. 



is an even chance that an eclipse will occur; toward tbe lower limit 
(13°'7)the chances increase to certunty; toward the upper one 
{18°'fi) they diminish to zero. The corresponding Umlts for an 
eclipse of the moon are S° and lSi°; that is, If at the moment of full 
moon the distance of the moon from her node is greater than 13}-° 
no eclipse can occur, while if the distance is less than 9° an eclipse 
ia certain. We may put tbe mean limit at 11°. Bince, in the long- 
run, new and full moon will occur equally at all distances from the 
node, there will be, on the average, sixteen eclipses of the sun to 
eleven of tbe moon, or nearly fifty per cent more. 

If, at the moment of new moon, the distance of the moon from 
the node is less than Vi\° there will be a central eclipse of the sun, 
find if greater than this there will not be such M eclipse. The 
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eclipse limit may range half a degree or more on each side of this 
mean value, owing to the varying distance of the moon from the 
earth. Inside of 10° a central eclipse may be regarded as certain, 
and outside of 11° as impossible. 

If the direction of the moon's nodes from the centre of the earth 
were invariable, eclipses could occur only at the two opposite months 
of the year when the sun had nearly the same longitude as one node. 
For instance, if the longitudes of the two opposite nodes were re- 
spectively 54° and 234°, then, since the sun must be within 12° of 
the node to allow of an eclipse of the moon, its longiiude would have 
to be either between 42° and 66°, or between 222° and 246°. But 
the sun is within the first of these regions only in the month of May, 
and within the second only during the month of November. Hence 
lunar eclipses could then occur only during the months of May and 
November, and the same would hold true of central eclipses of the 
sun. Small partial eclipses of the latter might be seen occasionally 
a day or two from the beginnings or ends of the above months, but 
they would be very small and quite rare. Now, the nodes of the 
moon's orbit were actually in the above directions in the year 1873. 
Hence during that year eclipses occurred only in May and No- 
vember. We may ca]l these months the seasons of eclipses for 
1873. 

There is a retrograde motion of the moon's nodes amounting to 
19^° in a year. The nodes thus move back to meet the sun in its 
annual revolution, and this meeting occurs about 20 days earlier 
every year than it did the year before. The result is that the season 
of eclipses is constantly shifting, so that each season ranges through* 
out the whole year in 18*6 years. For instance, the season corre^ 
sponding to that of November, 1873, had moved back to July and 
August in 1878, and will occur in May, 1882, while that of May, 
1873, will be shifting back to November in 1882. 

It may be interesting to illustrate this by giving the days in which 
the sun is in conjunction with the nodes of the moon's orbit during 
several years. 

Ascending Node. Descending Node. 

1879. January 24. 1879. July 17. 

1880. January 6. 1880. June 27. 

1880. December 18. 1881. June 8. 

1881. November 30. 1882. May 20. 

1882. November 12. 1883. May 1. 

1883. October 25. 1884. April 12. 

1884. October 8. 1885. March 25. 
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During these years, eclipses of the moon can occur only within 11 
or 12 days of these dates, and eclipses of the sun only within 15 or 
16 days. 

In consequence of the motion of the moon's node, three varying 
angles come into play in considering the occurrence of an eclipse : 
the longitude of the node, that of the sun, and that of the moon. 
One revolution of the moon relatively to the node is accomplished, 
on the average, in 27 '21222 days. If we calculate the time required 
for the sun to return to the node, we shall find it to be 346*6201 
days. 

Now, let us suppose the sun and moon to start out together from 
a node. At tlie end of 346-6201 days the sun, having ajjparently 
performed nearly an entire revolution around the celestial sphere, will 
again be at the same node, which has moved back to meet it. But the 
moon will not be there. It will, during the interval, have passed 
the node 12 times, and the 13th passage will not occur for a week. 
The same thing will be true for 18 successive returns of the sun to 
*he node; we shall not find the moon there at the same time with 
the Sim; she will always have passed a little sooner or a little later. 
But at the 19th return of the sun and the 242d of the moon, the two 
bodies will be in conjunction within half a degree of the node. We 
find from the preceding periods that 

242 returns of the moon to the node require 6585.357 days. 
19 " •• sun ** " ** 6585.780 •' 

The two bodies will therefore pass the node within 10 hours of 
3ach other. This conjunction of the sun and moon will be the 223d 
new moon after that from which we started. Now, one lunation 
(that is, the interval between two consecutive new moons) is, in the 
mean, 29.530588 days; 223 lunations therefore require 6585.82 days. 
The new moon, therefore, occurs a little before the bodies reach the 
node, the distance from the latter being that over which the moon 
moves in 0^.036, or the sun in 0^.459. This distance is 28' of arc, 
somewhat less than the apparent semidiameter of either body. This 
would be the smallest distance from either node at which any new 
moon would occur during the whole period. The next nearest ap- 
proaches would have occurred at the 35th and 47th lunations respec- 
tively. The 35th new moon would have occurred about 6** before 
the two bodies arrived at the node from which we started, and the 
47th about 1^** past the opposite node. No other new moon would 
occur so near a node before the 223d one, which, as we have just 
seen, would occur 0° 28' west of the node, This period of 223 new 
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moons, or 18 years 11 days, was called the Saros by the ancient as- 
tronomers, and by means of it they predicted eclipses. 

The possibility of a total eclipse of the sun arises from the occa- 
sional very slight excess of the apparent angular diameter of the 
moon over that of the sun This excess is so slight that such an 
eclipse can never last more than a few minutes. It may be of inter- 
est to point out the circumstances which favor a long duration of 
totality. Tliese are : 

(1) That the moon should be as near as possible to the earth, or, 
technically speaking, in perigee, because its angular diameter as 
seen from the earth will then be greatest. 

(2) That the sun should be near its greatest distance from the 
earth, or in apogee, because then its angular diameter will be the 
least. It is now in this position about the end of June; hence the 
most favorable time for a total eclipse of very long duration is in the 
summer moiitbs. Since the moon must be in perigee and also be- 
tween the earth and sun, it follows that the longitude of the perigee 
must be nearly that of the sun. The longitude of the sun at the 
end of June being 100°, this is the most favorable longitude of the 
moon's perigee. 

(3) The moon must be very near the node in order that the centre 
of the shadow may fall near the equator. The reason of this condi- 
tion is that the duration of a total eclipse may be considerably in- 
creased by the rotation of the earth on its axis. We have seen that 
the shadow sweeps over the earth from west toward east with a 
velocity of about 3400 kilometres per hour. Since the earth rotates 
in the same direction, the velocity relative to the observer on the 
earth's surface will be diminished by a quantity depending on this 
velocity of rotation, and therefore greater the greater the velocity. 
The velocity of rotation is greatest at the earth's equator, where it 
amounts to 1660 kilometres per hour, or nearly half the velocity of 
the moon's shadow. Hence the duration of a total eclipse may, with- 
in the tropics, be nearly doubled by the earth's rotation. When all 
the favorable circumstances combine in the way we have just de- 
scribed, the duration of a total eclipse within the tropics will be 
about seven minutes and a half. In our latitude the maximum du- 
ration will be somewhat less, or not far from six minutes, but it is 
only on very rare occasions, hardly once in many centuries, that all 
these favorable conditions can be expected to concur. 

Oconltation of Stars by the Moon. — A phenomenon which, geomet- 
rically considered, is analogous to an eclipse of the sun is the occul- 
tation of a star by the moon. Since all the bodies of the solar system 
are nearer than the fixed stars, it is evident that they must from 
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time to time pass between us and the stars. The planets are, how- 
ever, so small that such a passage is of very rare occurrence, and 
when it does happen the star is generally so faint that it is rendered 
invisible by the superior light of the planet before the latter touches 
it. But the moon is so large and her angular motion so rapid that 
she passes over some star visible to the naked eye every few days. 
Such phenomena are termed oceultations of stars by the moon. It 
must not, however, be supposed that they can be observed by the 
naked eye. In general, the moon is so bright that only stars of the 
first magnitude can be seen in actual contact with her limb, and even 
then the contact must be with the unilluminated limb. 



CHAPTER IX. 

THE EARTH. 

Our object in the present chapter is to trace the effects 
of terrestrial gravitation and to study the changes to which 
it is subject in various places. Since every part of the 
earth attracts every other part as well as every object upon 
its surface, it follows that the earth and all the objects 
that we consider terrestrial form a sort of system by them- 
selves, the parts of which are firmly bound together by 
their mutual attraction. This attraction is so strong that 
it is found impossible to project any object from the sur- 
face of the earth into the celestial spaces. Every particle 
of matter now belonging to the earth must, so far as we 
can see, remain upon it forever. 

Mass and Densitt of the Earth. 

The mass of a body may be defined as the quantity of matter it cor^ 
tains. It is measured by the product of its wlume ( V) by its density 
(D). M—V. D. For another body M' = F'. D\ and for equal vol- 
umes V =V' and M : M' = D : D' . Tlie density of pure water at 
about 39° Fahr. is taken as the unit-density. The unit- volume may 
be taken as a cubic foot. The unit-mass will then be that of a cubic 
foot of pure water at 39** Fahr. 

The weight of a body is the force with which it is attracted to the cen- 
tre of the earth. A body of mass m is attracted by the earth's mass 

^^ m 
M by —J -, where r is the distance M m. (See page 1 20. ) The weight 

w oi mSa then —5--. The weight w' of another body m' is w = --7,— . 
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If the bodies are at the same place on the earth r •=. i' and w ',w' •=. 
m : m\ or the weighia of bodies at tTie sa/me place on the earth are 
proportional to their masses. It is easy to measure the weights of 
bodies by balancing them in scales against certain pieces of metal. 
Hence by weighing two bodies of weights w and lo' we can deter- 
mine the ratio of their masses m and m'. If tti is a cubic foot of 
water, m' is the absolute mass of the other substance. 

The weight w is not the same in all parts of the earth, nor at dif- 
ferent heights above the earth's surface. It is therefore a variable 
quantity, depending upon the position of the body, while the mass 
of the body is something inherent in it, which remains constant 
wherever •the body may be taken, even if it is carried through the 
celestial spaces, where its weight would be reduced to almost noth- 
ing. 

The unit of mass which we may adopt is arbitrary. Generally the 
most convenient unit is the weight of a body at some fixed place on 
the earth's surface — the city of Washington, for example. Suppose 
we take such a portion of the earth as will weigh one kilogramme in 
Washington; we may then consider the mass of that particular lot of 
earth or rock as the unit of mass, no matter to what part of the uni- 
verse we take it. Suppose, also, that we could bring all the matter 
composing the earth to the city of Washington, one unit of mass at 
a time, for the purpose of weighing it, returning each unit of mass to 
its place in the earth immediately after weighing, so that there should 
be no disturbance of the earth itself. The sum-total of the weights 
thus found would be the mass of the earth, and would be a perfectly 
definite quantity, admitting of being expressed in kilogrammes or 
pounds. We can readily calcula.te the mass of a volume of water 
equal to that of the earth because we know the magnitude of the 
earth in litres, and the mass of one litre of water. Dividing this 
into the mass of the earth, supposing ourselves able to determine 
this mass, and we shall have the specific gravity, or what is more 
properly called the density, of the earth : D ■= M •*• M', 

What we have supposed for the earth we may imagine for any 
heavenly body ; namely, that it is brought to the city of Washington 
in small pieces, and there weighed one piece at a time. Thus the 
total mass of the earth or any heavenly body is a perfectly definite 
quantity when it is once determined. 

It will be remarked in this connection that our units of weight, the 
pound, the kilogramme, etc., are practically units of mass rather than 
of weight. If we should weigh out a pound oT tea in the latitude of 
Washington, and then take it to the equator, it would really be less 
heavy at the equator than in Washington ; but if we take a pound 
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weight with us, that also would be lighter at the equator, so that the 
two would still balance each other, and the tea would be still con- 
sidered as weighing one pound. Since things are actually weighed 
in this way by weights wliich weigh one unit at some definite place, 
say Washington, and which are carried all over the world without 
being changed, it follows that a body which has any given weight in 
one place will, as measured in this way, have the same apparent 
weight in any other place, although its real weight will vary. Bat 
if a spring-balance or any other instrument for determinmg absolute 
weights were adopted, tlien we should find that .the weight of the 
same body varied as we took it from one part of the earth to another. 
Since, however, we do not use this sort of an instrument in weigh- 
ing, but pieces of metal which are carried about without change, it 
follows that what we call units of weight are properly units of mass. 
Density of the Earth. — We see that all bodies around us tend to fall 
toward the centre of the earth. According to the law of gravitation, 
this tendency is not simply a single force directed toward the centre 
of the earth, but is the resultant of an infinity of separate forces 
arising from the attractions of all the separate parts which compose 
the earth. The question may arise, how do we know that each 
particle of the earth attracts a stone which falls, and that the whole 
attraction does not reside in the centre ? The proofs of this are 
numerous, and consist rather in the exactitude with which the 
theoiy represents a great mass of disconnected phenomena than in 
any one principle admitting of demonstration. Perhaps, however, 
the most conclusive proof is found in the observed fact that masses 
of matter at the surface of the earth do really attract each other as 
required by the law of Newton* It is found, for example, that 
isolated mountains attract a plumb-line in their neighborhood. 

It is noteworthy that though astronomy affords us the 
means of determining with great precision the relative 
masses of the earthy the moon^ and all the planets^ it does 
not enable us to determine the absolute mass of any hea- 
venly body in units of the weights we use on the earth. 
The sun has about 328,000 times the mass of the earth, and 
the moon only -^ of this mass, but to know the absolute 
mass of either of them we must know how many kilo- 
grammes of matter the earth contains. To determine this 
we must know the mean density of the earth, and this is 
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BOmething about which direct obs-ervation can give hb no in- 
formation, because we cannot penetrate more than an in- 
significant diatancfl into the earth's interior- 
Tie only way to determine the dermty of the earth U to find hew 
much matter it mutt contain in order to attract bodies on to surface 
with a fiyrte equai to their observed weight ; that w, loUh such intenMtff 
that at the equator a body shaBfall nearly fine metres in a second. To 
find this we must know the relation between the mass of a body and 
iU attractive force. This relation can only be found by measunng 
the attraction of a body of known, mass. 

We may measure Ibe altracliou uf a body of known masa in the 
following ingeaioua way. In Fig. 44* let HIKL be a. cube ot lead 
1 metre on eacU edge. Two lioles are bored Ibroagh the cube at DF 
and EG. A pair of scales A B G 
has its scale -puna Z) £ connected I 
by flue wires to otber scale-po 
F G, below the block. Suppose I 
tlie pans emply and everylliing a 

L Put a weiglit IT in D. am 
balance tlie scales by weights in Q 
At D llie total attraclion is ih 
attraction ot the eariii plus lb 
allraclion of the block, while at 
O we have tlie allrnctlon of tlie 

earth (downwards) minus ihe attraction of the block (upwards); hence 
(1) Weights in d = weight in D + 2 attraction of block. 

II. Put the weight TFini^ and balance the scales by weights in iE 
At F the total attraction is earth minus block, and at £^ it is earth 
plus block; hence 
(3) Weights in ^ = weight in F—2 attraction of block. 

Combining these equations (1) and (8), we have ' 

WeighU in G — weights in /? = 4 attraction of block, 
after smalt corrections have been applied for the difference of height 
of J). E. F, 0. etc. 

The attraction of this block, which has B known mass in kilo- 
grammes, is thus known, and hence the general relation between matt 
in kilogrammes and attraetioTis. The attraction of the earth is known, 
since it is such as to attract bodies with forces equal to their observed 
weights. Therefore the mass of the earth expressed in kilogrammes 
is known. The volume, V, ot the earth is known from aurvej-s ; its 




146 A8TR0S0MT. 

niitss, M, is DOW known, aiid hence its deosity, D. TheralolJMmassM 
of Uie BUD and earlli (aud oilier pUneis) are kDown, and keDce Uieir 
absolute maases in kilogrammes become known as soon as we havt 
tie earth's absolute maaa In kilogrammes, determined as above. 

Tbe reaulte of experiment abow the eartli to be about 5 Umes u 
dense as water. The sun is only J as dense as llie earlb. Otber ro- 
searcbes give about 5-6 for tbe density of tlie earth; this la more 
than double tbe average specific gravity of tbe rocks wbicb compose 
the surface of tbe globe: whence it follows tbal the inner portions rf 
the earth are mucli more dense Iban the ouler parts. 

XiAWB OF lESSEBTBIAL GSAVITATIOH. 
Tbe earth being very nearly spherical, certain theorems respecting 
the attraction of spheres may be applied to it. Tbe demoDstntion 
of these theorems requires tbe use of tbe Integral Calculus, and will 
be omitted bcre, only the conditions and the results being stated. 
Let us imagine a hollow shell of matter, of which tbe internal and 
external surfaces are both spheres, attracting any otber mass of 
matter, a small particle we may suppose. This particle will be 
attracted by every particle of tlie shell with a force inversely as tlia 
square of its distance from it. Tbe lotal allraclion of the shell will 
be the resultant uf this infinity of separate attractive forces. 

Thbore^ I. — If the paTlide be outside the >heU, it will be attracUd 
a* if the lehoU mast of tlie »heU leere eoncentrated in itt centre. 

Theorem II. — If the particle be inside the iltett, tlie cpp<rtite attrae' 
Uon» in eiiery direction will neutralise each other, no matter whereaiouta 
in the interim- the particle may be, and the resultant attraetion of tha 
theli fsUl therefore be tero. 

To apply this to tbe altraclion of a solid sphere, let us first sup- 
pose a body either outside the spbere or on its surface. If we con- 
ceive the sphere as made up of agreat number of spherical shells, the 
attracted point will be external to all of 
\ them. Since each shell attracts as it 
its whole mass were in the centre, it 
follows that the whole sphere attracts 
a body upon the outside of its surface 
as if its entire mass were concentrated 

Lot us now suppose the attracted 
particle insi<le tbe sphere, as at P, Fig, 
45. and imagine a spherical surface 
PQ concentric with tbe sphere and 
passing through tbe attracted particle. 
All that portion of the sphere lying 
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outside this spherical surface will be a spherical shell having the 
particle inside of it, and will therefore exert no attraction whatever 
on the particle. That portion inside the surface will constitute a 
sphere with the particle on its surface, and will therefore attract as 
if all this portion were concentrated in the centre. To find what 
this attraction will be, let us first suppose the whole sphere of equal 
density. Let us put 

a, the radius of the entire sphere. 

r, the distance PC of the particle from the centre. 

The total volume of matter inside the sphere P Q will then be, by 

4 
geometry,-^ 7t r^. Dividing by the square of the distance r, we see 

that the attraction will be represented by 

4 

that is, inside the sphere the attraction will be directly as the dis- 
tance of the particle from the centre. If the particle is at the sur- 

4 
face we have r = a, and the attraction la — na. Outside the sur- 

o 

4 

face the whole volume of the sphere-^ ;r a' will attract the particle, 

o 

4 a^ 
and the attraction will be tt ;r —3. If we put r = a in this formula, 

we shall have the same result as before for the surface attraction. 

Let us next suppose that the density of the sphere varies from its 
centre to its surface, so as to be equal at equal distances from the 
centre. We may then conceive of it as formed of an infinity of con- 
centric spherical shells, each homogeneous in density, but not of the 
same density as the others. Theorems I. and II. will then still 
apply, but their result will not be the same as in the case of a homo- 
geneous sphere for a particle inside the sphere. Referring to Fig. 
45, let us put 

i>, the mean density of the shell outside the particle P. 
D\ the mean density of the portion P Q inside of P. 

We shall then have : 

4 

Volume of the shell, —ie(a^ — r*). Volume of the inner sphere, 

o 

4 4 

-^Ttr^, Mass of the shell = vol. XB =i-^ie D{cfi — ?•*). Mass of the 
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4 

inner sphere = vol. y^iy — —it Dfi*, Mass of the whole sphere = 

o 

sum of masses of shell and inner sphere = jt- ^ i 2> a' + (/>' — 7>) r*!. 

Attraction of the whole sphere upon a point at its surface =: 
Mass 4 / ^ , ,-v T.^i\ 

Attraction of the inner sphere (the same as that of the whole shell) 

. . . r> Mass 4 _,, 
upon a pomt at P = — j- = — mt J9 r. 

If, as in the case of the earth, the density continually increases to- 
ward the centre, the value of J5' will increase also, as r diminishes, so 
that gravity will diminish less rapidly than in the case of a homo- 
geneous sphere, and may, in fact, actually increase as we descend. 
To show this, let us subtract the attraction at Pfrom that at the sur* 
face. The difference will give : 

Diminution at P = |- ;r ( 2>a + (/>'- i>) ^ - DV J 

Now let us suppose r a very little less than a, and put r-^a ^d\ 
d will then be the depth of the particle below the surface. 
Cubing this value of r, neglecting the higher powers of d, and 

dividing by a', we find -j = a — 3 <f. Substituting in the above 

4 
equation, the diminution of gravity at P becomes -k n (SD—2'D)d, 

We see that if 8 i> < 2 J9' — that is, if the density at the surface is 
less than f of the mean density of the whole inner mass — this quan- 
tity will become negative, showing that the force of gravity will be 
less at the surface than at a small depth in the interior. But it must 
ultimately diminish, because it is necessarily zero at the centre. It 
was on this principle that Professor Airy determined the density of 
the earth by comparing the vibrations of a pendulum at the bottom 
of the Harton Colliery, and at the surface of the earth in the neigh- 
borhood. At the bottom of the mine the pendulum gained about 
2* '5 per day, showing the force of gravity to be greater there than at 
the surface. 

FiGTTBE AND MAGNITUDE OF THE EABTH. 

If the earth were fluid and did not rotate on its axis, it 
would assume the form of a perfect sphere. The opinion 
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is entertained that the earth was once in a molten state, 
and that this is the origin of its present nearly spherical 
form. If we give such a sphere a rotation upon its axis, 
the centrifugal force at the equator acts in a direction op- 
posed to gravity, and thus tends to enlarge the circle of 
the equator. It is found by mathematical analysis that the 
form of such a revolving fluid sphere, supposing it to be 
perfectly homogeneous, will be an oblate ellipsoid ; that is, 
all the meridians will be equal and similar ellipses, having 
their major axes in the equator of the sphere and their 
minor axes eoincident with the axis of rotation. Our earth, 
however, is not wholly fluid, and the solidity of its conti- 
nents prevents its assuming the form it would take if the 
ocean covered its entire surface. By the figure of the 
earth we mean, hereafter, not the outline of the solid and 
liquid portions respectively, but the figure which it would 
assume if its entire surface were an ocean. Let us 
imagine canals dug down to the ocean level in every direc- 
tion through the continents, and the water of the ocean to 
be admitted into them. Then the curved surface touching 
the water in all these canals, and coincident with the sur- 
face of the ocean, is that of the ideal earth considered by 
astronomers. By the figure of the earth is meant the figure 
of this liquid surface, without reference to the inequalities 
of the solid surface. 

We cannot say that this ideal earth is a perfect ellipsoid, 
because we know that the interior is not homogeneous, but 
all the geodetic measures heretofore made are so nearly 
represented by the hypothesis of an ellipsoid that the lat- 
ter is a very close approximation to the true figure. The 
deviations hitherto noticed are of so irregular a character 
that they have not yet been reduced to any certain law. 
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The largest which have been observed seem to be due to 
the attraction of inoaDtaiiis, or to inequalities in the den- 
sity of the rocks beneath tho surface. 

Kethod of Triangnlation. — Since it is practically impoBgi- 
ble to measure arouud or ttirongh the earth, the magoitade 
as well as tlie form of oar planet has to bo found bj com- 
bining measurements on its surface with astronomical ob- 
servations. Even a meiisurement on the earth's surfaco 
made in the usual way of surveyors would be impracticable, 
owing to the intervention of mountains, rivers, forests, and 
otlier natural obstacles. The method of triangulation is 
therefore universally adopted for measurements extending 
over large areas. 




FiQ. 48,~A P*BT 



Triangulation ie eicciited in the following way : Two points, a 
and b, a few miles apart, are selected as the cxiremitics of a base- 
line. They must be so chosen that their di-tnnce apart can be accm- 
rately measured by rods ; tlie intervening ground should therefore 
be as level nnil free from obstruction as possible. One or more ele- 
vated points. EF. etc., miiat be visible from one or Iwth ends of the 
base-line. By means of a theodolite and by observation of the pole- 
star. Hie directions of these points relalivo to the meridian are accu- 
rately observed fn>m eacli end o( the bjise, ns is also the direction ah 
at the Imse-line itself. Suppose F lo be a point visible from each 
end of the base, then in (be triangle abFv/c have the length ab de- 
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termined by actual measurement, and the angles at a and h deter- 
mined by observations. With these data the lengths of the sides 
ai^and h Fbxq determined by a simple computation. 

The observer then transports his instruments to Fy and determines 
in succession the direction of the elevated points or hills DEO HJ, 
etc. He next goes in succession to each of these hills, and determines 
the direction of all the others which are visible from it. Thus a net- 
work of triangles is formed, of which all the angles are observed 
with the theodolite, while the sides are successively calculated from 
the first base. For instance, we have just shown how the side aFis 
calculated; this forms a base for the triangle EFa, the two remain- 
ing sides of which are computed. The side J^-F forms the base of 
the triangle G EF, the sides of which are calculated, etc. In this 
operation more angles are observed than are theoretically necessary 
to calculate the triangles. This surplus of data serves to insure the 
detection of any errors in the measures, and to test their accuracy by 
the agreement of their results. Accumulating errors are further 
guarded against by measuring additional sides from time to time as 
opportunity offers. 

Chains of triangles have thus been measured in Russia and Sweden 
from the Danube to the Arctic Ocean, in England and France from 
the Hebrides to Algiers, in this country down nearly our entire At- 
lantic coast and along the great lakes, and through shorter distances 
in many other countries. An east and west line is now being run 
by the Coast Survey from the Atlantic to the Pacific Ocean. Indeed 
it may be expected that a network of triangles will be gradually ex- 
tended over the surface of every civilized country, in order to con- 
struct perfect maps of it. 

Suppose that we take two stations, a and^', Fig. 46, situated north 
and south of each other, determine the latitude of each, and calculate 
the distance between them by means of triangles, as in the figure. 
It is evident that by. dividing the distance in kilometres by the dif- 
ference of latitude in degrees we shall have the length of one degree 
of latitude. Then if the earth were a sphere, we should at once have 
its circumference by multiplying the length of one degree by 860. 
It is thus found that the length of \ degree is a little more than 111 
kilometres, or between 69 and 70 English statute miles. Its circum- 
ference is therefore about 40,000 kilometres, and its diameter between 
12,000 and 13,000.* (25,000 and 8000 miles.) 

* When the metric ssystem was originally designed by the French, it was in- 
tended that the kilometre should be xwW of the distance from the pole of the 
earth to the equator. This would make a degree of the meridian equal, on the 
average, to liii kilometres. But the metre actually adopted is nearly ^ of 
an inch too short. 
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Owing to tlie eliipticity of the earth, the length of one degree 
TBries ^Tilll the latitude Htid the direction in which it is measured. 
The next step in the onlei' of ncciiracy is to find tlie magnitude and 
the form of the eiirlli fnim mensuri'S of long ores of latitude (and 
someiimes of longitude) made in different regions, especially near 
the equator and in liigli latitudes. But we shiill still find that dif- 
ferent combinations of mcnsures give slightly different results, both 
for Ibe maguituile and the eliipticity, owing to tiie irreg\ilarities in 
the direction of attraction wbich we have already described. The 
problem is therefore to find what ellipsoid will satisfy the measures 
wilh the least sum-total of error. New and more accurate solutions 
will be reached from time to time as geodetic measures are extended 
over a wider area. The following are among the most recent results: 




the earth's polar sem id iameter, 6355-270 kilometres; earth's equatorial 
semidiameter, 0377'S77 kilometres ; eartb's compression, n^.jofibo 
equatorial diameter ; enrth's eccentricity of meridian, 0-08319. An- 
other result is liiat of Captain Clareb of England, who fouud: 
polar semidiameter, 6356'466* kilometres; equatorial semidiamet^ir, 
6378-191 kilometres. 

OMgraphiD and Oeocsntrio LatltndM. — An obvious result of tlis 
eliipticity of the earth is that the plumb-tine does not point toward 
the earth's centre. Lot Pig. 47 represent a meridional section of the 
earth. NS being the axis of rotation, E Q the plane of tlie equator, 
and Iho position of the observer. The line SB, tangent to the 
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earth at 0, will then represent the horizon of the observer, while the 
line ZN\ perpendicuhir to HR, and therefore normal to the earth 
at 0, will be the verticul as determined by the plumb-line. The angle 
N'Q, or ZO Q\ which the observer's zenith makes with the equa- 
tor will then be his astronomical or geographical latitude. This is 
the latitude which in practice we always have to use, because we 
are obliged to determine latitude by astronomical observation, and 
not by measurement from the equator. We cannot determine tbe 
direction of the true centre G of the earth by direct observation of 
any kind, but only the direction of the plumb-line, or of the perpen- 
dicular to a fluid surface. Z Q' is tbe astronomical latitude. If, 
however, we conceive the line GOz drawn from the centre of the 
earth through 0, z will be the observer's geocentnc zenith^ while the 
angle OGQ will be his geocentric Uititude. It will be observed tliat it 
is the geocentric and not the geographic latitude which gives -the true 
position of the observer relative to the earth's centre. The difference 
between the two latitudes is tlie angle G N' or ZOz ; this is called 
the angle ofllie vertical. It is zero at the poles and at the equator, be- 
cause here the normals pass through the centre of the ellipse, and it 
attains its maximum of 11' 30" at latitude 45''. It will be seen that the 
geocentric latitude is always less than the geographic. In north 
latitudes the geocentric zenith is south of the apparent zenith, and in 
southern latitudes north of it; being nearer the equator in each case. 



Motion of the Eabth's Axis, ob Pbecession of the 

Equinoxes. 

Sidereal and Equinoctial Year. — In describing the appar- 
ent motion of the sun, two ways of finding the time of its 
apparent revolution around the sphere were described ; in 
other words, of fixing the length of a year. One of these 
methods consists in finding the interval between successive 
passages of the sun through the equinoxes, or, which is the 
same thing, across the plane of the equator, and the other 
by finding when it returns to the same position among the 
stars. Two thousand years ago Hipparchus found, by 
comparing his own observations with those made two cen- 
turies before by Timocharis, that these two methods oj 
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fixing the length of the year did not give the same result. 
It had previously been considered that the length of a year 
was about 365^ days, and in attempting to correct ^his 
period by comparing his observed times of the sun's pass- 
ing the equinox with those of Timocharis, Hipparohus 
found that the length required a diminution of seven or 
eight minutes. He therefore concluded that the true length 
of the equinoctial year was 365 days 5 hours and about 53 
minutes. When, however, he considered the return of the 
sun not to the equinox, but to the same position relative 
to tha bright star Spica Virginis^ he found that it took 
some minutes more than 365^ days to complete the revolu- 
tion. Thus there are two years to be distinguished, the 
tropical or equinoctial year and the sidereal year. The 
first is measured by the time of the sun's return to the 
equinox; the second by its return to the same position 
relative to the stars. Although the sidereal year is the 
correct astronomical period of one revolution of the earth 
around the sun, yet the equinoctial year is the one to be 
used in civil life, because the change of seasons depends 
upon that year. Modern determinations show the respec- 
tive lengths of the two years to be, in mean solar days: 

Sidereal year, 365^ 6^ 9°^ 9« = 365*^.25636. 

Equinoctial year, 365^ 5^ 48°^ 46« = 365^.24220. 

It is evident from this difference between the two years 
that the position of the equinox among the stars must be 
changing, and that it must move toward the west, because 
the equinoctial year is the shorter. This motion is called 
the precession of the equinoxes, and amounts to about 50" 
per year. The equinox being simply the point in which 
the equator and the ecliptic intersect, it is evident that it 
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can change only throngh a change in one or both of these 
circles. Hippabchus fonnd that the change was in the 
equator and not in the ecliptic^ becanse the declinations 
of the stars changed, while their latitudes did not. Since 
thB equator is defined as a circle everywhere 90° distant 
from the ^ole, and since it is moving among the stars, it 
follows that the pole must also be moving among the stars. 
But the pole is nothing inore than the point in which the 
earth's axis of rotation intersects the celestial sphere: the 
position of this pole in the celestial sphere depends solely 
upon the direction of the earth's axis, and is not changed by 
the motion of the eai'th around the sun. ' Hence precession 
shows that the direction of the earth's axis is continually 
changing. Careful observations from the time of Uippab- 
CHUS until now show that the change in question consists 
in a slow revolution of the pole of the earth around the pole 
of the ecliptic as projected on the celestial sphere. The 
rate of motion is such that the revolution will be completed 
in between 25,000 and 26,000 years. At the end of this 
period the equinox and solstices will have made a complete 
revolution in the heavens. 



The nature of this motion will be seen more clearly by referring to 
Fig. 32, p. 93. We have there represented the earth in four posi- 
tions during its annual revolution. We have represented the axis as 
inclining to the right in each of these positions, and have described 
it as remaining parallel to itself during an entire revolution. The 
phenomena of precession show that this is not absolutely true, but 
that, in reality, the direction of the axis is slowly changing. This 
change is such that, after the lapse of some 6400 years, the north 
pole of the earth, as represented in the figure, will not incline to the 
right, but toward the observer, the amount of the inclination remain- 
ing nearly the same. The result "will evidently be a shifting of the 
seasons. At D we shall have the winter solstice, because the north 
pole will be inclined toward the observer and therefore from the sun, 
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while at A we sball have the vernal equinox iDstead of tbe wiatnr 

solstice, and so on. 

In 6400 years more liie nortli pole will be inclined toward the left, 
and the seasons will be reversed. Another interval of the sune 
length, and the north pole will be inclined from the observer, the 
seasons being shifted through another quadrant. Finally, at the 
end of about 2S,BuO years, the axis wilt have resumed its origtnal 
direction. 

Precession thns arises from a motion of the earth aluoe and not of 
llic heavenly bodies. Atihougli the direction of the earth's sxl« 
cliuugeH, yet Oie posilum of tliit axit reladve to Iht eniH of the earth 
remain) invai'iable. Some have supposed that preceswoa would 
result in a cUauge in the position of the north pole on the surface of 




the earth, so that the northern regions would be covered by the 
ocean as a result of the different direction in which the ocean would 
be carried by the centrifugal force of the earth's rotation. This, how- 
ever, is a mistatie. It iius been shown that the position of the poles, 
and therefore of the equator, on the surface ot the earth, cannot 
change except from some variation in the arrangement of the PArth's' 
interior. Scieniilic investisiatiou has yet shown nothing to indicate 
any probability of sucli a change. 

The motion of precession is not uniform, but is subject to several 
small inequalities wliich are called nulation. 



The Cause of Fbeczssior. 

The cause of preoegsion, etc.. is illustrated in the figure, wbiob 
shows a spherical earth surrounded by a ring of matter at the equa- 
tor. If the earth were really spherical there would be no precessioiL 
It is, however, ellipsoidal with a protuberance at the equator. Thi 
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effect of this protuberance is to be examined. Consider the action 
between the sun and earth alone. If the ring of matter were absent^ 
the earth would revolve about the sun as is shown in Fig. 92, p. 98 
(Seasons). 

"We remember that the sun's N. P. D. is 90° at the equinoxes, and 
66^** and 118^° at the solstices. At the equinoxes the sun is in the 
direction Cm; that is, NOm is 90°. At the winter solstice the sun is 
in the direction Ce; NCe = 113^°. It is clear that in the latter case 
the effect of the sun on the ring of matter will be to pull it down 
from the direction Cm towards the direction Cc. An opposite effect 
will be produced by the sun when its polar distance is 66i°. 

The moon also revolves round the earth in an orbit inclined to the 
equator, and in every position of the moon it has a different action 
on the ring of matter. The earth is all the time rotating on its axis, 
and these varying attractions of £un and moon are equalized and 
distiibuted since different parts of the earth are successively presented 
to the attracting body. The result of all the complex motions we 
have described is a conical motion of the earth's axis N C about the 
line GE. 

The earfli's shape is not that given in the figure, but it is an ellip- 
soid of revolution. The ring of matter is not confined to the equator, 
but extends away from it in both directions. The effects of the 
forces acting on the earth as it is are however, similar to the effects 
we have described. 



CHAPTER X. 

CELESTIAL MEASUREMENTS OF MASS AND DISTANCE. 

The Celestial Scale of Measuseicevt. 

The units of length and mass employed by astronomers 
are necessarily different from those used in daily life. The 
distances and magnitudes of the heavenly bodies are never 
reckoned in miles or other terrestrial measures for astro- 
nomical purposes; when so expressed it is only for the pur- 
pose of making the subject clearer to the general reader. 
The units of weight or mass are also, of necessity, astro- 
nomical and not terrestrial. The mass of a body may be 
expressed in terms of that of the sun or of the earth, but 
never in kilogrammes or tons, unless in popular language. 
There are two reasons for this course. One is that in most 
cases celestial distances have first to be determined in 
terms of some celestial unit — the earth's distance from the 
sun, for instance — and it is more convenient to retain this 
unit than to adopt a new one. The other is that the 
values of celestial distances in terms of ordinary terrestrial 
units are for the most part uncertain, while the corre- 
sponding values in astronomical units are known with 
great accuracy. 

An extreme instance of this is afforded by the dimensions 
of the solar system. By a series of astronomical observa- 
tions, investigated by means of Kepler's laws and the 
theory of gravitation, it is possible to determine the forms 
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of the planetary orbits, their positions, and their dimen- 
sions in terms of the earth's mean distance from the sun 
as the unit of measure, with great precision. Kepleb's 
third law enables us to determine the mean distance of a 
planet from the sun when we know its period of revolu- 
tion. All the major planets, as far out as Saturn^ have been 
observed through so many revolutions that their periodic 
times can be determined with great exactness — in fact 
within a fraction of a millionth part of their whole amount. 
The more recently discovered planets, Uranus and Nep- 
tune, will, in the course of time, have their periods deter- 
mined with equal precision. Then, if we square the peri- 
ods expressed in years an^ decimals of a year, and extract 
the cube root of this square, we have the mean distance 
of the planet with the same order of precision. This 
distance is to be corrected slightly in consequence of the 
attractions of the planets on each other, but these correc- 
tions also are known with great exactness. Again, the 
eccentricities of the orbits are exactly determined by care- 
ful observations of the positions of the planets during suc- 
cessive revolutions. Thus we could make a map of the 
planetary orbits so exact that the error would entirely 
elude the most careful scrutiny, though the map itself 
might be many yards in extent. 

On the scale of this same map we could lay down the 
magnitudes of the planets with as much precision as our 
instruments can measure their angular semidiamcters. 
Thus we know that the mean diameter of the sun, as seen 
from the earth, is 32'; hence we deduce from formulas 
already given on pages 5 and 57 that the diameter of the 
sun is .0093083 of the distance of the sun from the earth. 
We can therefore, on our supposed map of the solar system, 
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lay down tlic sun in its tme size^ according to the scale of 
the map^ from data given directly hy observation. In the 
same way wc can do this for each of the planets^ the earth 
and moon excepted. There is no immediate and direct 
way of finding how large the earth or moon wonid look 
from a planet; whence the exception. 

But without further special research into this snbject, 
we shall know nothing about the scale of our map. That 
is, we have no means of knowing how many miles or kilo- 
metres correspond in space to an inch or a foot on the map. 
It is clear tliat in order to fix the distances or the magni- 
tudes of the planets according to any terrestrial standard, 
we must know this scale. Of cojirse if we can learn either 
the distance or magnitude of any one of the planets laid 
down on the map, in miles or in semidiameters of the 
earth, wc shall be able at once to find the scale. But this 
process is so difficult that the general custom of astrono- 
mers is not to attempt to use a scale of miles, but to employ 
the mean distance of the sun from the earth as the unit in 
celestial measurements. Thus, in astronomical language, 
we say that the distance of Mercury from the sun is 0.387, 
that of VcniiH 0.7*^3, that of Mars 1.523, that of Saturn 
9.539, and so on. But this gives us no information respect- 
ing tlie distances and magnitudes in terms of terrestrial 
measures. The unknown quantities of our map are the 
magnitude of the earth and its distance from the sun in 
terrestrial units of length. Could we only take up a point 
of observation on the sun or a ])lanet, and determine ex- 
actly the angular magnitude of the earth as seen from that 
point, we should be able to lay down the earth of our map 
in its correct size. Then, since we already know the size 
of the earth in terrestrial units from geodetic surveys we. 
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should be able to find the scale of our map, and thence 
the dimensions of the whole system in terms of those 
units. 

It will be seen that what the astronomer really wants is 
not so much the dimensions of the solar system in miles as 
to express the size of the earth in celestial measures. 
This, however, amounts to the same tiling, because having 
one, the other can be readily deduced from the known 
magnitude of the earth in terrestrial measures. 

The magnitude of the earth is not the only unknown 
quantity on our map. From Kepler's laws wc can deter- 
mine nothing respecting the distance of the moon from the 
earth, because unless a change is made in the units of time 
and space, they apply only to bodies moving around the 
sun. We must therefore determine the distance of the 
moon as well as that of the sun to be able to comjilete oui- 
map on a known scale of measurement. 

Measubeb of the Solab and Ltjnab Faballax. 

The problem of distances in the solar system is reduced 
by the preceding considerations to measuring the distances 
of the sun and moon in terms of the earth's radius. The 
most direct method of doing this is by determining their 
respective parallaxes, which we have shown to be the same 
as the earth's angular semidiameter as seen from them. 
In the case of the sun, the required parallax can be deter- 
mined as readily by measuring the parallaxes of any of the 
planets as by measuring that of the sun, because any one 
measured distance on the map will give us the scale of our 
map. Now, the planets Ye^ivs and Mars occasionally 
come much nearer the earth than the sun ever does, and 
their parallaxes also admit of more exact measurement 
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The parallux of the sun is therefore determined not by ob- 

serTatJons on the sun itself, but on these two planets. 

The general principles ot the method of determining the 
parallax of a planet by simultaneous observationB at distant 
stations will be seen by referj-iiig to the figure. If two 
observerB, situated at S' and S", make a simultaneoaa 
observation of the direction of tlie body P, it is STidoDt 
that the Bohition of a plane triangle iS^>$"P will give the dis- 
tance of P from each station. In practice, howeyer, it would 




be impructi cable to mukc simultaneous observations at 
distant stations; and as the planet is continually in motion, 
the problem is a mucJi more complex one than that of 
simply solving a triangle. 

This is the method of determining the parallax of the 
moon. Knowing the uctinil figure of the earth, observa- 
tions of the moon made at stations widely separated in 
latitude, as Paris and the Cape of Good Hope, can be com- 
bined so as to give the parallax of the moon and thus its 
distance. On precisely the same principles the parallaxes 
of Venus or Mars have been determined. 
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SoUr PuftUax from Traoilta of T«iiiu. — When Veavt 1b at iaferior 
coDJuu^tiou Bbe is between tlie aun and the earth. If ber orbit lay 
lu the ecliptic, she would be projected on Ibe sun's dislt at every in- 
feiior coDJUDCtiOD. The iuclioatiou of her orbit is. ia fact, about Si°, 
and Ibus trantils of Venia occur ooly when she is cear the node of 
lier orbit at the time of inferior conjucctiun. lu Fi^. 49* let E,Y. S 
be the eartli, Ytjiua, acd tlie Bun. D C ii Venut' orbit. An observer 
B will see Venui impinge on the sun's disk at ij be }i]st iulernally 
taugent at 11, move across the dialt to 111 and off at 7 V. Similar 
pbeuomena will occur for A at 1, 2, 3. 4. When A sees F^nua at a, 
S will fee her at i. aft is the parallax of F<ft«(i with respect to the 
change of position .^ B. (See page 56.) ab.AB:: Fo:K.d;but 
VA: Fa as 1:24 nearly (see table p. 1B8. 8d column), ab there- 
fore occupies ou the sun's disk a space 21 times as large as the earth's 
diameter. If we meamire Ibe angular dimension o 6 in any way, 
and divide the resulting angle by %\, we shall have the angle sub 
leuUed at the sun by the earib's diameler; or if we divide it by 5, 
llie angle subtended by the earlii's radius. This is nothiug but the 
sun's parallai. (See page 57.) 

The angular space ab can be directly measured at a lrau>.it of 
Venus, or it may be calculated when we know the leuglli of the 
chords //, 111, and 2, 3. The length of each chord is known by ob- 




serving the interval of time elapsed from phase TI to phase III, or 
belter by observing all four phases and making the proper allowances. 

Other Hetbods of Determining Solar Farallaz. — A very 
interesting and probably the most accurate method of 
measuring the sun's distance depends upon a knowledge of 
the velocity of light. We shall hereafter eee that the time 
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required for light to pass from the sun to the earth is known 
with considerable exactness, being very nearly 498 seconds.* 
This time can be determined still more accurately. If then 
we can determine experimentally how many miles or kilo- 
metres light moves in a second, we shall at once have the 
distance of the sun by multiplying that quantity by 498. 
The velocity of light is about 300,000 kilometres per second. 
This distance would reach about eight times around the 
earth. It is seldom possible to see two points on the earth's 
surface more than a hundred kilometres apart, and distinct 
vision at distances of more than twenty kilometres is rare. 
Hence to determine experimentally the time required for 
light to pass between two terrestrial stations requires the 
measurement of an interval of time which, even under the 
most favorable cases, can be only a fraction of a thousandth 
of a second. Methods of doing it, however, have been 
devised, and the velocity of light would seem to be abont 
299,900 kilometres per second, f Multiplying this by 498, 
we obtain 149,350,000 kilometres (a little less than 93,000,- 
000 miles) for the distance of the sun. The time riequired 
for light to pass from the sun to the earth is still uncertain 
by nearly a second, but this value of the sun's distance is 
probably the best yet obtained. The corresponding value 
of the sun's parallax is S'^.Sl. 

Yet other methods of determining the sun's distance 
are given by the theory of gravitation. It is found by 
mathematical investigation that the motion of the moon is 
subject to several inequalities, having the sun's horizontal 
parallax as a factor. If the position of the moon could be 
determined by observation with the same exactness that 
the position of a star or planet can (which it cannot be), 

* See page 175. f 186,330 miles. 
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this would probably afford the most accurate method of 
determining the solar parallax. 

Bilef Eiitory of Determinatioiu of tli« Bolu Parallax.— The determi- 
nation of tlje distnDce of the sun must at all limes liave been one of 
the most interesting scienlilic problems presented to the human mind. 
The first known attempt 1o effect a solution of iLe problem was made 
by Abibtabchus, wlio flourislied in the third century before Cbbist. 
It was founded on the principle that the time of the moon's first 
quarter will vary with the ralio between the dislunre of the moon 
and sun, which may \m shown as follows. In Fig. 50 let E represent 
the earth, M the moon, and S the sun. Since the sun always 
illuminates one half of the lunar globe, it is evident that when one 
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half of the moon's disk appears illuminated the triangle BMSTaXKl 
be right angled at M. The angle MEScaa be determined by 
measurement, being equal lo the angular distance between the sun 
and the moon. Having two of tlie angles, the thii'd can be deter- 
mined, because the sum of the three must make two right angles. 
Tlienee we shall liave tlie ratio between E M, the dislnnce of the moon, 
&\\A ES, the distiince of the sun, by a trigonomeliicnl computation. 
Then knowing tlie distance of llie moon, which can be determined 
with comparative ease (see page 162), we have the distance of the sun 
by multiplying by this ratio. Ahibtarchus concluded, from Ilia 
supposed measures, that the angle ME S was three degrees less than 

a right angle. We sliould then have -=-s- = tk '^ry nearly, since 3* 
is rV of 57° and ES = 57° (see page 5). It would follow from this 
that the sun was 19 times the distance of the moon. We now know 
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^at this result is entirely wrong, and that it is so because it is im- 
possible to determine the time when the moon is exactly half illumi- 
nated with any approach to the accuracy necessary in the solution of 
the problem. In fact, the greatest angular distance of the earth and 
moon, as seen from the sun — that is, the angle ESM—ia only about 
one quarter the angular diameter of the moon as seen from -the 
earth. 

The second attempt to determine the distance of the sun is men- 
tioned by Ptolemy, though Hipparchub may be the real inventor 
of it. It depends on the dimensions of the earth's shadow-cooe dur- 
ing a total eclipse of the moon. It is only necessary to state the 
result, which was thiit the sun was situated at the distance of 1210 
radii of the earth. This result, like the former, was due only to 
errors of observation. So far as all the methods known at the time 
could show, the real distance of the sun appeared to be infinite; 
nevertheless Ptolemy's result was received without question for 
fourteen centuries. 

The first really successful measure of the parallax of a planet was 
made upon Mai^a during the opposition of 1672, by the first of the 
two methods already described. An expedition was sent to the 
colony of Cayenne to observe the declination of the planet from 
night to night, while corresponding observations were made at the 
Paris Observatory. From a discussion of these observations, Cas- 
siNi obtained a solar parallax of 9''. 5, which is within a second of 
the truth. The next steps forward were made by the transits of 
Venus in 1761 and 1769. The leading civilized nations caused obser- 
vations on these transits to be made at various points on the globe. 
The method used was very simple, consisting in the determination 
of the times at which Venus entered upon the sun's disk and left it 
again. The absolute times of ingress and egress, as seen from differ- 
ent points of the globe, might differ by 20 minutes or more on ac- 
count of parallax. The results, however, were found to be discord- 
ant. It was not until more than half a century had elapsed that the 
observations were systematically calculated by Encke of Germany, 
who concluded that the parallax of the sun was 8'' .578, and the dis- 
tance 95 millions of miles. 

In 1854 it began to be suspected that Encke's value of the parallax 
was much too small. Hansen, from the theory of the moon, found 
the parallax of the sun to be 8". 916. This result seemed to be con- 
firmed by other observations, especially those of Mars during 1862. 
It was therefore concluded that the sun's parallax was probably be 
tween 8" . 90 and 9" . 00. Subsequent researches have, however, been 
diminishing this yalue. In 1867, from a discussion of all the data 
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which were considered of value, it was concluded by one of the 
writers that the most probable parallax was 8''. 848. The measures 
of the velocity of light reduce this value to 8". 81, and it is now 
doubtful whether the true value is any larger than this. 

All we can say at preseut is that the solar parallax is probably be- 
tween 8". 79 and 8''. 83, or, if outside these limits, that it can be very 
little outside. 



Eelatiye Masses of the Sun and Planets. 

In estimating celestial masses as well as distances, it is necessary 
to use what we may call celestial units; that is, to take the mass of 
some celestial body as a unit, instead of any multiple of the pound or 
kilogram. The reason of this is that the ratios between the masses 
of the planetary system, or, which is the same thing, the mass of 
each body in terms of tliat of some one body as the unit, can be de- 
termined independently of the mass of any one of them. To express 
a mass in kilogrammes or other terrestrial units, it is necessary to find 
the mass of the earth in such units, as already explained This, 
however, is not necessary for astronomical purposes, where only the 
relative masses of the several planets are required. In estimating 
the masses of the individual planets, that of the sun is generally 
taken as a unit. The planetary masses will then all be very small 
fractions. 

The mass of the sun being 1.00, the mass of Mercury is yrnji^nnrJ 

Venus is j^^; 
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Earth is yrtW; 
Mars is jry^Trnr; 
Jupiter isjxJrt; 
Saturn is ^W; 
Uranus is jnjj^; 
Neptune is j^jf. 



Masses of tlie Eartli and Sim. — The mass of the earth is connected 
by a very curious relation with the distance of the sun. Knowing 
the latter, we can determine the mass of the sun relative to the earth, 
which is the same thing as determining the astronomical mass of the 
earth, that of the sun being unity. This may be clearly seen by re- 
flecting that when we know the radius of the earth's orbit we can 
determine how far the earth moves aside from a straight line in one 
second in consequence of the attraction of the sun. This motion 
measures the attractive force of the suu at the distance of the earth. 
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Comparing it witli the attractive force of tlie earth, and making 
allowance for the difference of distances from centres of the two 
bodies, we determine the ratio between their masses. 

Masses of the Planets. — If a planet m has a satellite revolying in a 
circuki/r orbit of radius r in a time tj then (see page 123, note) 

The force acting on the satellite is (see page 120, fine print) 

Equating these two values of /we have 



m = 



T~' 



If the distance of the planet from the sun {M) is R and its periodic 
time is T, then 

and 

Jf: m = ^ : ^, 

by which expression we determine m in fractions of the sun's mass 
M as Ry Ty r, t are known. In this way the masses of all the planets 
with satellites are calculated, after making suitable allowances for 
the fact that the orbits are ellipses and not circles. 

Mercury and Venus have no known satellites, and their masses are 
calculated by determining the perturbations which they cause in the 
motions of other planets (and of comets) in their vicinity. 

The angular diameters of the planets are measured with a microm- 
eter attached to a telescope. The result is expressed in seconds of 
arc. Knowing the distance of the planet in miles, the diameter can 
also be expressed in miles. (See page 5.) The surfax^ of a planet 
is proportional to the square^ and its tolume to the cube of its diam- 
eter. The mass of a planet is deduced as above described. Its 
density is obtained by dividing its mass by its volume. 



CHAPTER XI. 

THE REFRACTION AND ABERRATION OF LIGHT ; AND 

TWILIGHT. 

Atmobfhebic Eefbaction. 

When we speak of the place of a planet or star, we usu- 
ally mean its true place; i.e., its direction from an ob- 
server situated at the centre of the earth. We have shown 
in the section on parallax how observations which are 
necessarily taken at the surface of the earth are reduced 
to what they would have been if the observer were situated 
at the earth's centre. We have supposed the star to be 
projected on the celestial sphere in the prolongation of 
the line joining the observer and the star. The ray from 
the star was considered to suffer no deflection in passing 
through the stellar spaces and through the earth's atmos- 
phere. But from the principles of physics, we know that 
such a luminous ray passing from an empty space (as the 
stellar spaces probably are), and through an atmosphere, 
must suffer a refraction, as every ray of light is known to 
do in passing from a rare into a denser medium. As we 
see the star in the direction in which its light enters the 
eye — that is, as we project the star on the celestial sphere 
by prolonging this light-beam backward into space — there 
must be an apparent displacement of the star from refrac- 
tion. 

We may recall a few definitions from physics. The ray which 
leaves the star and impinges on the outer surface of the earth's at- 
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inosphcre is called the incident ray ; after its defleclion bj the atmos- 
phere it is cullcU the rffraeted ray. The diSereuce bclwceii these 
directions is cnlk-d the astrojwmieal refriietion. If a normat is drawn 
(perpendicuhir) to the euiTuce of Uie refriLcling roedium at the point 
where the incident ray meets it, tlie acule angle between the incident 
rayand the normal is called the an^2« of inddenee, and the acute angle 
between the normal and the refracted 
s called the angle of rffraeUon. 
I The refraction itself is the difference 
liese BDgles. The normal and 
I both incident and refracted rays are 
le same verlical plane. In Fig. 
I 51, SAii the ray incident upon the 
Hiirfnce BA of tlie refmcliiig medium 
J BBAN, AC is the refracted ray, 
I JfJV the normal, SAM a.aiX CAN 
: angles of incidence and rcfrac- 
n reapectively. Produce CA back- 
.rd in the direction AS: 8 AS is 
the refraction. An observer at C will 
at S. AS is the apparent direction ot 
ir B, and S is tiie apparent place of the star 







see the star 8 as if it wen 
the ray coming from the fit 
as affected by refraction. 



This explanation supposes tlie space above BB' in the 
figure to be entirely empty, and the earth's atmosphere, 
equally dense throughout, to fill llie space below BB'. 
In fact, however, the earth's atmosphere is most dense 
at the surface of the earth, and gradually diminishee in 
density to its exterior boundary. Therefore we must sup- ' 
pose the atmosphere to be divided into a great number of 
parallel layers of air, and by assuming an infinite num- 
ber of these we may also assume tJiat throughout each one 
of them the air is equally dense. Hence the preceding 
figure will only represent the refraction at a single one of 
these layers. The path of a ray of light through the at- 
mosphere is not a straight line like A C, but a curve. We 
may suppose this curve to be represented in Fig. 63, where 
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tlie number of layers has been token very small to avoid 
confusing the drawing. 

Let C be tlie centre and A a point of the surface of the 
earth; let 5 be a star, and Se a ray from the star which is 
refracted at the viirious layers into which we suppose tho 
atmos|ihcre to be divided, and which finally enters the eye 
of an observer at A in the apparent direction 8' A. He 
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will then see the star in the direction S' instead of that of 
S, and 8 A S', the refraction, will throw the star nearer 
to his zenith Z. 

The angle S'A Z is the apparent zenith distance of 8; 
the true zenith distance of 8 ie ZA8, and 8 A may be 
assumed to coincide with ^S* e, as for all heavenly bodies 
except the moon it practically does. The line Se pro- 
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longed will meet the line A Zinsk point above A, suppose 
at J'. 

Quantity and Effects of Eefraction. — At the zenith the 
refraction is 0, at 45° zenith distance the refraction is about 
1', and at 90° it is 34' 30"; that is, bodies at the zenith 
distances of 45° and 90° appear elevated above their true 
places by 1' and 34^' respectively. If the sun has just 
risen — that is, if its lower limb is just in apparent contact 
with the horizon — it is in fact entirely below the true 
horizon, for the refraction (35') has elevated its centre by 
more than its whole apparent diameter (32'). ' 

The moon is full when it is exactly opposite the sun, 
and therefore, were there no atmosphere, moon-rise of a 
full moon and sunset would be simultaneous. In fact, 
both bodies being elevated by refraction, we see the full 
moon risen before the sun has set. On April 20th, 1837, 
the full moon rose eclipsed before the sun had set. 

Twilight. 

It is plain that one effect of refraction is to lengthen the 
duration of daylight by causing the sun to appear above 
the horizon before the time of his geoinetrical rising and 
after the time of true sunset. 

Daylight is also prolonged by the reflection of the sun's 
rays (after sunset and before sunrise) from the small parti- 
cles of matter suspended in the atmosphere. This pro- 
duces a general though faint illumination of the atmos- 
phere, just as the light scattered from the floating particles 
of dust illuminated by a sunbeam let in through a crack 
in a shutter may brighten the whole of a darkened room. 

The sun's direct rays do not reach an observer on the 
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earth after the instant of sunset, ainee the BoUd body of 
the earth intercepts them. But the sun's direct rays 
illuminate the clouds and the auspended particles of the 
upper air, and are reflected downwai'ds so as to produce a 
general illumination of the atmosphere. 

In the figure let A B CD be the earth and A an observer 
on its surface, to whom the sun S is just setting. Aa\a 
the horizon of A; Bb of B; Cc of C; Dd of D. Let the 




circle P QR represent the upper layer of the atmosphero. 
Between A BCD .ind PQR the air is filled with sus- 
pended particles wJiich will reflect light. The lowest ray 
of the sun, S A M, just grazes tlie earth at A ; the higher 
rays iS'JVand SO strike the atmosphere above A and leave 
it at the points Q and R. Each of the lines SAP M, 
SQN, is bent from a straight course by refraction, but 
8B ia not bent since it just touches the upper limits of 
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the atmosphere. The space MA B CD E is the earth's 
shadow. An observer at A receives the (last) direct rays 
from the sun, and also has his sky illuminated by the reflec- 
tion from all the particles lying in the space P QR T 
which is all above his horizon A a. 

An observer at B receives no direct rays from the sun. 
It is after sunset. Nor does he receive any light from all 
that portion of the atmosphere below A P M; but the por- 
tion P Rx, which lies above his horizon Bh, is lighted by 
the sun's rays, and reflects to ^ a portion of the incident 
rays. 

This twilight is strongest at R, and fades away gradu- 
ally toward P. The altitude of the twilight is i d. 

To an observer at C the twilight is derived from the 
illumination of the portion PQz which lies above his 
horizon Cc. The altitude of the twilight is c d. 

To an observer at D it is night. All of the illuminated 
atmosphere is below his horizon Dd. 

The student should notice for himself the twilight arch 
which appears in the west affer sunset. It is more marked 
in summer than in winter; in high latitudes than in low 
ones. There is no true night in England in midsummer, 
for example, the morning twilight beginning before the 
evening twilight has ended ; and in the torrid zone there 
is no perceptible twilight. Twilight ends when the sun 
reaches a point 20° below the horizon. 

Abebsation anb the Motion of LieHX. 

Besides refraction, there is another cause which prevents 
our seeing the celestial bodies exactly in the true direction 
in which they lie from us; namely, the progressive mo- 
tion of light. We see objects only by the light which 
emanates from them and reaches our eyes, and we know 
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that this light requires time to pass over the space which 
separates us from the luminous object. After the ray of 
light once leaves the object, the latter may move away, or 
even be blotted out of existence, but the ray of light 
will continue on its course. Consequently when we look 
at a star, we do not see the star that now is, but the star 
that was several years ago. If it should be annihilated, we 
should still see it during the years which would be required 
for the last ray of light emitted by it to reach us. The 
velocity of light is so great that in all observations of ter- 
restrial objects our vision may be regarded as instantane- 
ous. But in celestial observations the time required for 
the light to reach us is quite appreciable and measurable. 

The discovery of the propagation of light is among the 
most remarkable of those made by modern science. The 
fact that light requires time to travel was first learned by 
the observations of ihe satellites of Jupiter, (See Fig. 73.) 
Owing to the great niagnuude of this planet, it casts a much 
longer and larger shadow than our earth does, and its inner 
satellite passes through this shadow and is eclipsed, at every 
revolution. These eclipses can be observed from the earth, 
the satellite vanishing from view as it enters the shadow, 
and reappearing when it leaves it again. The astronomers 
of the seventeenth century made a careful study of the mo- 
tions of these bodies. It was, however, necessary to con- 
struct tables by which the times of the eclipses could be pre- 
dicted. It was found by Roemer that these times depended 
on the distance of Jupiter from the earth. If he made his 
tables agree with observations when the earth was nearest 
Jupiter y it was found that as the earth receded from Jupiter 
in its annual course around the sun, the eclipses were con- 
stantly seen later, until, when at its greatest distance, the 
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times appeared to be 22 minutes late. Koemeb saw that it 
was in the highest degree improbable that the actual motions 
of the satellites should be affected with any such inequality; 
he therefore propounded the bold theory that it took time 
for light to come from Jupiter to the earth. The extreme 
differences in the times of the eclipse being 22 minutes, he 
assigned this as the time required for light to cross the 
orbit of the earth, and so concluded that it came from the 
sun to the earth in 11 minutes. This estimate was too 
great; the true time for this passage being about 8 minutes 
and 18 seconds. 

Dispovery of Aberration. — This theory of Roemeb was 
not fully accepted by his contemporaries. But in the year 
1729 the celebrated Bradley, afterward Astronomer Royal 
of England, discovered a phenomenon of an entirely dif- 
ferent character, which confirmed the theory. He was 
then engaged in making observations on the star y Dra» 
conis in order to determine its parallax. The effect of 
parallax would have been to make the declination of the 
star greatest in June and least in December, while in 
March and September the star would occupy an interme- 
diate or mean position. But the result was entirely dif- 
ferent. The declinations of June and December were the 
same, showing no effect of parallax; but instead of remain- 
ing constant the rest of the year, the declination was some 
40 seconds greater in September than in March, when the 
effect of parallax would be the same. This showed that 
the direction of the star appeared different, not according 
to the position of the earth in its orbit, but according to 
the direction of the earth's motion around the sun, the 
star being apparently displaced in this direction. 

To show how this is, let AB be the optical axis of a 
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telescope, and 8 a star from which emanateB a ray moving 
in the true direction SAB', Per- , 
haps the student will have a clearer I 
conception of the subject if he imag- 
ines AB to be a rod wliich an ob- 
seryer at B seeks to point at the star 
8. It is evident that he will point 
this rod in such a way that the ray 
of light shull run accurately along its 
length. Siip[iose now that the ob- 
server is moving from B toward B' \ 
witli such a velocity that he moves r^o- >*. 

from B to B' during the time required for a ray of light to 
move from A to B'. Suppose, also, that the ray of light 
SA reaches A at the same time that tlie end of his rod 
docs. Tben it is clear that while the rod is moving from 
the position AB to tlie position A'B', the ray of light 
will move from A to B', and will therefore I'un accurately 
along tlie length of tlie rod. Fur instance, if b is one third 
of the way from B to B', ihen the light, at the instant of 
tlio rod taking the position b a, will be one third of the way 
from A ia B', and will therefore be accurately on the rod. 
Consequently, to the observer, the rod will appear to be 
pointed at the star. In reality, however, the pointing wilt 
not be in the (rue direction of the star, but will deviate 
from it by a certain angle depending upon the ratio of the 
velocity with which the observer is carried along to the 
velocity of light. This presupposes that tlie motion of the 
observer is at right angles .to that of a ray of light. If 
this ia not his direction, we must resolve his velocity into 
two components, one at right angles to the ray and one 
parallel to it. The latter will not affect the appai'ent di- 
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rection of the star, which will therefore depend entirely 
upon the former. 

Effects of Aberration. — The apparent displacement of 
the heavenly bodies thus produced is called the aberration 
of light. Its effect is to cause each of the fixed stars to 
describe an apparent annual oscillation in a very small orbit. 
The nature of the displacement may be conceived of in the 
following way: Suppose the earth at any moment, in the 
course of its annual revolution, to be moving toward a 
point of the celestial sphere, which we may call P. Then 
a star lying in the direction P or in the opposite direction 
will suffer no displacement whatever. A star lying in any 
other direction will be displaced in the direction of the 
point P by an angle depending upon its angular distance 
from P, At 90° from P the displacement will be a maxi- 
mum. 

Now, if the star lies near the pole of the ecliptic, its di- 
rection will always be nearly at right angles to the direc- 
tion in which the earth is moving. A little consideration 
will show that it will seem to describe a circle in couso- 
quence of aberration. If, however, it lies in the plane of 
the earth's orbit, then the various points toward which the 
earth moves in the course of the year all lying in the eclip- 
tic, and the star being in this same plane, the apparent 
motion will be an oscillation back and forth in this plane, 
and in all other positions the apparent motion will be in an 
ellipse more and more flattened as we approach the ecliptic. 
The maximum displacement of a star by aberration is 20'. 44 

The connection between the velocity of light and the dis- 
tance of the sun is such that knowing one we can infer the 
other. Let us assume, for instance, that the time required 
for light to reach us from the sun is 498 seconds, which 
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is probably accurate within a single second. Then know- 
ing the distance of the sun, we may obtain the velocity 
of light by dividing it by 498. But, on the other hand, 
if we can determine how many miles light moves in a 
second, we can thence infer the distance of the sun by 
multiplying it by the same factor. During the last cen- 
tury the distance of the sun was found to be certainly be- 
tween 90 and 100 millions of miles. It was therefore 
correctly concluded that the velocity of light was some- 
thing less than 200,000 miles per second, and probably 
between 180,000 and 200,000. This velocity has since 
been determined more exactly by the direct measurements 
at the surface of the earth already mentioned. See p. 164. 

We actually see the planets and stars in their apparent places, but 
we must employ their true places in calculation. We can obtain the 
place of the centre of a planet when we have observed its border by 
correcting for its (known) semi-diameter (expressed in seconds of arc). 
A star's diameter = 0". The next correction is for refraction, which 
removes the deviation due to the earth's atmosphere. This is derived 
from previously calculated Refraction -tables. We then correct for 
paraMaXy which has the effect of making the observed place what it 
would have been had the observer been stationed at the earth's 
centre. The next correction is for aberration, which gives the place 
the star would have had if light were instantaneous in its transmis- 
sion. If we apply these corrections we shall have the true R. A. 
and Dec. of the star for the instant of observation. As, however, 
the vernal equinox (from which we measure) is itself in motion, we 
usually add another correction for precession, to reduce the observa- 
tion to what it would have been had it been made at the beginning of 
the year. That is, we reduce to the mean equinox and equator of Dec. 
31.0. In this way observations made at different times and places 
become comparable, after they have all been reduced to a single 
epoch. 



CHAPTER XII. 

CHRONOLOGY. 

ASTBONOMICAL MEASUEES OF TUE. 

The intimate relation of astronomy to the daily life of 
mankind has arisen from its affording the only reliable and 
accurate measure of intervals of time. The fundamental 
units of time in all ages have been the day, the month, and 
the year, the first being measured by the revolution of the 
earth on its axis, the second, primitively, by that of the 
moon around the earth, and the third by that of the earth 
round the sun. 

Of the three units of time just mentioned, the most nat- 
ural and striking is the shortest; namely, the day. It is 
so nearly uniform in length that the most refined astro- 
nomical observations of modern times have never certainly 
indicated any change. This uniformity, and its entire 
freedom from all ambiguity of meaning, have always made 
the day a common fundamental unit of astronomers. Ex- 
cept for the inconvenience of keeping count of the great 
number of (Jays between remote epochs, no greater iinit 
would ever have been necessary, and we might all date our 
letters by the number of days after Christ, or after any 
other fixed date. 

The diflBculty of remembering great numbers is such 
that a longer unit is absolutely necessary, even in keeping 
the reckoning of time for a single generation. Such a unit 
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is the year. The regular changes of seasons in all extra- 
tropical latitudes renders this unit second only to the day 
in the prominence with which it must have struck the 
minds of primitive man. These changes are, however, so 
slow and ill-marked in their progress that it would have 
been scarcely possible to make an accurate determination 
of the length of the year from the observation of the sea- 
sons. Here astronomical observations came to the aid 
of our progenitors, and, before the beginnings of history, 
it was known that the alternation of seasons was due to 
the varying declination of the sun, as the latter seemed 
to perform its annual course among the stars in the 
" oblique circle" or ecliptic. Tiie seasons were also marked 
by the position of certain bright stars relatively to the sun; 
that is, by those stars rising or settijig in the morning 
or evening twilight. Thus arose two methods of measur- 
ing the length of the year — the one by the time when the 
sun crossed the equinoxes or solstices, the other when it 
seemed to pass a certain point among the stars. As we 
have already explained, these years were slightly different, 
owing to the precession of the equinoxes, the first or equi- 
noctial year being a little less and the second or sidereal 
year a little greater than 365i days. 

The number of days in a year is too great to admit of 
their being easily remembered without any break; an 
intermediate period is therefore necessary. Such a period 
is measured by the revolution of the moon around the 
earth, or, more exactly, by the recurrence of new moon, 
which takes place, on the average, at the end of nearly 
29^ days. The nearest round number to this is 30 days, 
and 12 periods of 30 days each only lack 5^ days of being 
a year. It has therefore been common to consider a year 
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as made up of 12 months, the lack of exact correspondence 

being filled by yarious alterations of the length of the 

month or of the year, or by adding surplus days to each 

year. 
The true lengths of the day, the month, and the year 

having no common divisor, a difiiGulty arises in attempting 
to make months or days into years, or days into months, 
owing to the fractions which will always be left over. At 
the same time, some i-ule bearing on the subject is neces- 
sary in order that people may be able to remember the year, 
month, and day. Such rules are found by choosing some 
cycle or period which is very nearly an exact number of 
two units, of months and of days for example, and by 
dividing this cycle up as evenly as possible. 

FOBMATION OF CALE]n)AS& 

The months now or heretofore in use among the peoples of the 
gh)be may for the most part be divided into two classes: 

(1) The Ulnar month pure and simple, or the mean interval be- 
tween successive new moons. 

(2) An approximation to the twelfth part of a year, without respect 
to the motion of the moon. 

The Lunar Month. — The mean interval between consecutive new 
moons being nearly 29^ days, it was common in tlie use of the pure 
lunar month to have months of 29 and 30 days alternately. This 
supposed period, however, will fall short by a day in about 2^ years. 
This defect was remedied by introducing cycles containing rather more 
months of 30 than of 29 days, the small excess of long months being 
spread uniformly through the cycle. Thus the Greeks had a cycle 
of 235 months, of which 125 were full or long months, and 110 were 
short or deficient ones. We see that the length of this cycle was 
6040 days (125 X 30 + 110 X 29). whereas the length of 235 true lunar 
months is 235 X 29.53088 = 6939.688 days. The cycle was therefore 
too long by less than one third of a day, and the error of count would 
amount to only one day in more than 70 years. The Mohammedans, 
again, took a cycle of 360 months, which they divided into 169 short 
and 191 long ones. The length of this cycle was 1063Vdays, while 
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the true length of 860 lunar months is 10631.012 days. The count 
would therefore not be a day in error until the end of about 80 
cycles, or nearly 23 centuries. This month therefore follows the 
moon closely enough for all practical purposes. 

Konthfl other than Lunar. — The complications of the system just 
described, and the consequent difficulty of making the calendar 
month represent the course of the muon, arc so great that the pure 
lunar month was generally abandoned, except among people whose 
religion required important ceremonies at the time of new moon. In 
such cases the year has been usually divided into 12 months of 
slightly different lengths. The ancient Egyptians, however, had 12 
months of 30 days each, to which they added 5 supplementary days 
at the close of each year. 

Kinds of Year. — As we find two different systems of months to 
have been used, so we may divide the calendar years into three 
classes, namely: 

(1) The lunar year, of 12 lunar mouths. 

(2) The solar year. 

(3) The combined luni solar year. 

The Lunar Year. — We have already called attention to the fact that 
the time of recurrence of the year is not well marked except by 
astronomical phenomena which the casual observer would hardly 
remark. But the time of new moon, or of beginning of the month, 
is always well marked. Consequently it was very natuml for people 
to begin by considering the year as made up of twelve lunations, the 
error of eleven days being unnoticeable in a single year unless care- 
ful astronomical observations were made. Even when this error was 
fully recognized, it might be considered better to use the regular 
year of 12 lunar months than to use one of an irregular or varying 
number of months. The Mohammedans use such a year to this day. 

The Solar Year. — In forming this year, the attempt to measure the 
year by revolutions of the moon is entirely abandoned, and its length 
is made to depend entirely on the change of the seasons. The solar 
year thus indicated is that most used in both ancient and modem 
times. Its length has been known to be nearly 365^ days from the 
times of the earliest astronomers, and the system adopted in our cal- 
endar of having three years of 365 days each, followed by one of 366 
days, has been employed in China from the remotest historic times. 
This year of 365^ days is now called by us the Julian Year, after 
Julius C^sar, from whom we obtained it. 

The Metonic Cycle. — These considerations will enable us to under- 
stand the origin of our own calendar. We begin with the Metonic 
Cycle of the ancient Greeks, which still regulates some religious fes- 
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tivals, although it has disappeared from our civil reckoning of time. 
The necessity of employing lunar months caused the Greeks great 
difficulty in regulating their calendar so as to accord with their rules 
for religious feasts, until a solution of the problem was found by 
Meton, about 433 B.C. The discovery of Meton was that a period 
or cycle of 6940 days could be divided up into 235 lunar months, and 
also into 19 solar years. Of these months, 125 were to be of 30 days 
each and 110 of 29 days each, which would, in all, make up the re- 
quired 6940 days. To see how nearly this rule represents the actual 
motions of the sun and moon, we remark that: 

Days. Hours. Min. 

235 lunations require 6939 16 31 

19 Julian years require. 6939 18 

19 true solar years require 6939 14 27 

We see that though the cycle of 6940 days is a few hours too 
long, yet if we take 235 true lunar months, we find their whole dura- 
tion to be a little less than 19 Julian years of 365^ days each, and a 
little more than 19 true solar years. 

The problem was to take these 235 months and divide them up 
into 19 years, of which 13 should have 12 mouths each and 7 
should have 13 mouths each. The long years, or those of 13 months, 
were probably those corresponding to the numbers 3, 5, 8, 11, 13, 16, 
and 19, while the first, second, fourth, sixth, etc., were short years. 
In general, the months had 29 and 30 days alternately, but it was 
necessary to substitute a long month for a short one every two or 
three years, so that in the cycle there should be 125 long and 110 
sliort montlis. 

Golden Number. — This is simply the number of the year in the 
Metonic Cycle, and is said to owe its appellation to the enthusiasm 
of the Greeks overMETON's discovery, the authorities having ordered 
the division and numbering of the years in the new calendar to be 
inscril)ed on public monuments in letters of gold. The rule for find- 
ing tlie golden number is to divide the number of the year by 19 and 
add 1 to the remainder. From 1881 to 1899 it may be found by sim- 
ply subtracting 1880 from the year. It is employed in our church 
calendar for finding the time of Easter Sunday. 

The Julian Calendar. — The civil calendar now in use throughout 
Christendom had its origin among the Romans, and its foundation 
was laid by Julius C^sar. Before his time, Rome can hardly be 
said to have had a chronological system, the length of the year not 
being prescribed by any invariable rule, and being therefore changed 
from time to time to suit the caprice or to compass the ends of the 
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rulers. Instances of this tampering disposition nre familiar to the 
historical student. It is said, for instance, that the Gauls having to 
pay a certain monthly tribute to the Romans, one of the governora 
ordered the year to be divided into 14 months, in order that the pay- 
days might recur more rapidly. A year was fixed at 365 days, with 
the addition of one day to every fourth year. The old Roman months 
were afterward adjusted to the Julian year in such a way as to give 
rise to the somewhat irregular arrangement of months which we now 
have. 

Old and New Styles. — The mean length of the Julian year is 365^ 
days, about 11^ minutes greater than that of the true equinoctial 
year, which measures the recurrence of the seasons. This difference 
is of little practical importance, as it only amounts to a week in a 
thousand years, and a change of this amount in that period is pro- 
ductive of no inconvenience. But, desirous to have the year as cor- 
rect as possible, two changes were introduced into the calendar by 
Pope Gregory XIII. with this object. They were as follows : 

(1) The day following October 4, 1582, was called the 15th instead 
of the 5th, thus advancing the count 10 days. 

(2) The closing year of each century, ICOO. 1700, etc., instead of 
being always a leap-year, as in the Julian calendar, is such only 
when the number of the century is divisible by 4. Thus while 1600 
remained a leap-year, as before, 1700, 1800, and 1900 were to be ' 
common years. 

This change in the calendar was speedily adopted by all Catholic 
countries, and more slowly by Protestant ones, England holding out 
until 1752. In Russia it has never been adopted at all, the Julian 
calendar being still continued without change. The Russian reckon- 
ing is therefore 12 days behind ours, the ten days dropped in 1582 
being increased by the days dropped from the years 1700 and 1800 in 
the new reckoning. This modified calendar is called the Oregorian 
Calendar, or New Style, while the old system is called the Julian 
Calenffar, or Old Style. 

It is to be remarked that the practice of commencing the year on 
January 1st was not universal until comparatively recent times. The 
most common times of commencing were, perhaps, March 1st and 
March 22d, the latter being the time of the vernal equinox. But 
January 1st gradually made its way, and became universal after its 
adoption by England in 1752. 

Solar Cycle and Dominical Letter. — In our church calendars Janu- 
ary 1st is marked by the letter A, January 2d by B, and so on to G, 
when the seven letters begin over again, and are repeated through 
the year in the same order. Each letter there indicates the same day 
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of the week throughout each separate year, A indicating the day on 
which January 1st falls, B the day following, and so on. An excep- 
tion occurs in leap years, when February 29th and March Ist are 
marked by the same letter, so that a change occurs at the beginning 
of March. The letter cori*esponding to Sunday on this scheme is . 
called the Dominical or Sunday letter, and when; we once know 
what letter it is, all the Sundays of the year are indicated by that 
letter, and hence all the other days of the week by their letters. In 
leap-years there will be two Dominical letters, that for the last ten 
months of the year being the one next preceding the letter for 
January and February. In the Julian calendar the Dominical letter 
' must always recur at the end of 28 years (besides three recurrences 
at unequal intervals in the mean time). This period is called the 
solar cycle, and determines the days of the week on which the days 
of the mouth fall during each year. 

Since any day of any year occurs one day later m the week than 
it did the year before, or two days later when a 29th of February 
has intervened, the Dominical letters recur in the order G, F, E, D, 
C, B, A, G, etc. This may also be expressed by saying that any day 
of a past year occurred one day earlier in the week for every year 
that has elapsed, and, in addition, one day earlier for every 29th of 
February that has intervened. This fact will make it easy to calcu- • 
late the day of the week on which any historical event happened 
from the day corresponding in any past or future year. Let us take 
the follow i ng exam pie : 

On what day of the week was Washington born, the date being 
1732, February 22d, knowiiiir that February 22d, 1879, fell on 
Saturday? The interval is 147 years: dividing by 4 we have a 
quotient of 36 and a remainder of 3, showing that, had every fourth 
year in the interval been a leap year, there were either 30 or 37 leap- 
years. As a February 29th followed only a week after the date, the . 
number must be 37;* but as 1800 was dropped from the list of leap- 
years, the number was really only 36. Then 147 -|r 36 = 183 days 
advanced in the week. Dividing by 7, because the same day of the 
week recurs after seven days, we find a remainder of 1. So 
February 22d, 1879, is one day further advanced than was Febru- 
ary 22d, 1732; so the former being Saturday, Washington was bom 
on Friday. 

* Perhaps the most convenient way of deciding whether the remainder does 
or does not indicate an additional leap-year is to subtract it txova. the last date, 
and see whether a February 29th then intervenes. Subtracting 3 years from 
February 2sid, 1879, we have February 2M 1876, and a 29th o<icurs between the 
two dates, only a week after the first. 
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DrnnoK of the Dat. 

The division of the day into hours was, in ancient and mediaeval 
times, effected in a way veiy different from that which we practise. 
Artificial timekeepers not )>eing in general use, the two funda- 
mental moments were sunrise and sunset, which marked the day as 
distinct from the night. Tiie first subdivision of this interval was 
marked by the instant of noon, when the sun was on the meridian. 
The day was thus subdivided into two parts The night was 
similarly divided by the times of rising and culmination of the 
various constellations. Euripides (480-407 b.c.) makes the chorus 
in Wiesus ask : 

** Chorus.— Whose is the guard? Who takes my turn? The first 
signs are setting, and the seven Pleiades are in the sky, and the Eagle 
glides midway through heaven. Awake! Why do you delay? Awake 
from your beds to watch! See ye not the brilliancy of the moon? 
Morn, morn indeed is approaching, and hitJier is one of the forerun- 
ning stars" 

The interval between sunrise and sunset was divided into twelve 
equal parts called hours, and as this interval varied with the season, 
the length of the hour varied also. The night, whether long or 
short, was divided into hours of the same character, only when the 
night hours were long those of the day were short, and vice versa. 
These variable hours were called temporary hours. At the time of 
the equinoxes both the day and the night hours were of the same 
length with those we use; namely, the twenty-fourth part of the 
day; these were therefore called equinoctial hours. 

Instead of commencing the civil day at midnight, as we do, it was 
customary to commence it at sunset. The Jewish Sabbath, for 
instance, commenced as soon as the sun set on Friday, and ended 
when it set on Saturday. This made a more distinctive division of 
the astronomical day than that which we employ, and led naturally 
to considering the day and the night as two distinct periods, each to 
be divided into 12 hours. 

So long as temporary hours were used, the beginning of the day 
and the beginning of the night, or, as we should call it, six o'clock 
in the iriorning and six o'clock in the evening, were marked by the 
rising and setting of the sun ; but when equinoctial hours were 
introduced, neither sunrise nor sunset could be taken to count from, 
because both varied too much in the course of the year. It therefore 
became customary to count from noon, or the time at which the sun 
passed the meridian. The old habit of dividing the day and the 
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night each into 12 parts was continued, tlie first 12 being reckoned 
from midnight to noon, and tlie second from noon to midnight. The 
day was made to commence at midniglit rather than at noon for 
obvious reasons of convenience, although noon was of course the 
point at whicli the time had to l)e determined. 

Equation of Time. — To any one who studied the annual motion of 
the sun, it must have been quite evident that the intervals between 
its successive passages over the meridian, or between one noon and 
the next, could not be the same throughout the year, l)ecause the 
apparent motion of the sun in right ascension is not constant. ■ Jlr' 
will be remembered that the apparent revolution of the starry 
sphere, or, which is the same thing, the diurnal revolution of the 
earth upon its axis, may be regaided as abs^olutely constant for all 
practical purposes. This revolution is measured around ,in right 
ascension as explained in the opening chapter of this work. If the 
sun increased its right ascension by the i^ame amount every day, it 
would pass the meridian 3™ 56* later every day, as measured by 
sidereal time, and hence the intervals between successive passages 
would be equal. But the motion of the sun in right ascension is 
unequal from two causes: (1) the unequal motion of the earth in its 
annual revolution around it, arising from the eccentricity of the. 
earth's orbit, and (2) the obliquity of the ecliptic. How the first; 
cause produces an inequality is obvious. The mean motion is 3™ SO*; 
the actual motion varies from 3"™ 48' to 4" 4*. 

The effect of the obliquity of the ecliptic is still greater. When- 
the sun is near the equinox, the direction of its motion along the 
ecliptic makes an angle of 23^" with the parallels of declination. 
Since its motion in right ascension is measured along the parallel of 
declination, we see that it is less than the motion in longitude. The 
days are then 20 seconds shorter than they would be were there no 
obliquity. At the solstices the opposite effect is produced. Here 
the different meridians of right ascension are nearer together than 
they are at the equator; when the sun moves through one degree 
along the ecliptic, it changes its right ascension by 1°»08; here, 
therefore, the days are about 19 seconds longer than they would be 
if the obliquity of the ecliptic were zero. 

We thus have to recognize two slightly different kinds of days: 
solar days and w«a«. days. A solar day is the interval of time* 
between two successive transits of the sun over the same meridian, 
wiiile a mean day is the mean of all the solar days in a year. If we 
had two clocks, one going with perfect uniformity, but regulated 
so as to keep as near. the sun as possible, and the other changing its 
rate so as to always follow the sun, the latter would gain or lose on 
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the former by amounts sometimes rising to 22 seconds in a day. The 
accumulation of these variations through a period of several months 
would lead to such deviations that the sunclock would be 14 minutes 
slower than the other during the first half of February, and 16 
minutes faster during the first week in November. The time-keepers 
formerly used were so imperfect that these inequalities in the solar 
day were nearly lost in the necessary irregularities of the rate of the 
clock. All clocks were therefore set by the sim as often as was 
found necessary or convenient. But during the last century it was 
found by astronomers that the use of units of time varying in this 
way led to much inconvenience; they therefore substituted mean 
time for solar or apparent time. 

Mean time is so measured that the hours and days shall always be 
of the same length, and shall, on the average, be as much behind the 
sun as ahead of it. We may imagine a fictitious or mean sun mov- 
ing along the equator at the rate of 3" 56' in right ascension every 
day. Mean time will then be measured by the passage of this 
fictitious sun across the meridian. Apparent time was used in 
ordinary life after it was given up by astronomers, because it was 
Very easy to set a clock from time to time as the sun passed a noon- 
mark. But when the clock was so far improved that it kept much 
better time thati the sun did, it was found troublesome to keep put- 
ting it backward and forward so as to agree with the sun. Thus 
mean time was gradually introduced for all the purposes of ordinary 
life. 

The common household almanac should give the equation of time, 
or the mean time at which the sun passes the meridian, on each day 
of the year. Then, if any one wishes to set his clock, he knows the 
moment when the sun passes the meridian, or when it is at some noon- 
mark, and sets his time-piece accordingly. For all purposes where 
accurate time is required, recourse must be had to astronomical 
observation. It is now customary to send time-signals every day at 
noon, or some other Jiour agreed upon, from observatories along the 
principal lines of telegraph. Thus at the present time the moment 
of Washington noon is signalled to New York, and over the principal 
lines of railway to the South and West. Each person within reach 
of a telegraph-office can then determine his local time by correcting 

these signals for the difference of longitude. (See p. 350, note to 
p. 47.) 



PART II. 

THE SOLAR SYSTEM IN DETAIL 



CHAPTER I. 

STRUCTURE OF THE SOLAR SYSTEM. 

The solar system consists of the sun as a central body, 
around which revolve the major and minor planets, with 
their satellites, a few periodic comets, and an unknown 
number of meteor swarms. These are permanent membera 
of the system. At times other comets appear, and move 
usually in parabolas through the system, around the sun, 
and away from it into space again, thus visiting the system 
without being peryiianent members of it. 

The bodies of the system may be classified as follows : 

1. The central body — the Sun. 

2. The four inner phmets — Mercury, Venus, the Earth, Mars. 

3. A group of small planets, sometimes called Asteroids, revolving 
outside of the orbit of Mars. 

4. A group of four outer planets — Jupiter, Saturn, Uranus, -and 
Neptune, 

5. The satellites, or secondary bodies, revolving about the planets, 
their primaries. 

6. A number of comets and meteor swarms revolving in very 
eccentric orbits about the sun. 

The eight planets of Groups 2 and 4 are sometimes classed to- 
gether as the major planets, to distinguish them from the two hun- 
dred or more minor planets of Group 3. The formal definitions of 
the various classes, laid down by Sir William IIerschel in 1802. are 
worthy of repetition ; 
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Fluati are celesUal bodies of a certain very considerable size. 
Tbey move io not very eccentric ellipsea about tbe sun. The planes 
of their orbits di> not deviate many degrees from tbe plane of the 
earth's orbit. Tlieir motioD about tlic sun is direct (rrom west to 
east). They may have sal«llil«s or rings. Tliey have atmospheres of 




considerable extent, which, however, l>eiir hardly any sensible pro- 
portion to their diameters. Their orbits are at ceilain considerable 
distimceg from each otLcr. 

AitM-oidi, now more generally known as imdil or minor planets, are 
celesitiil boUies which move about the sun in orbits, either of little or 



192 ASTRONOXT. 

oF considerable eccentricity, tbe planes of which orbits may be In- 
cliQed to ilie ecliptic nt auy angle whatsoever. Tliey may or may 
not liHve considerable atmospheres. 

Comet! are celestial Ixxlies, generally of a very small mass, though 
how far this may be limited is yet unknown. They move In very 
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c ellipses n p nbo c a cs about tbe mn. Tbe plnnes of 
llieir motion odin of ay tes vnrJety in tbcir Bitiinlion, The 
liirection of tbeir mo on a o o ally undetermlneil, T bey have 
atmospheres of ve j: a e en wblcii show iheinselves in various 
farms as tails, coma huz ness c c 
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Belative Sorfkoes of the Planets. — The comparative surfaces of the 
major planets, as they would appear to an observer situated at an 
equal distance from all of them, is given in the figure on page 191. 

The relative apparent magnitudes of the sun, as seen from the 
various planets, is shown in the figure on page 192. 

Flora and Mnemosyne are two of the asteroids. 

A curious relation between the distances of the planets, known as 
BoDE*s law, deserves mention. If to the numbers 

0, 3, 6, 12. 24, 48, 96, 192, 384, 
each of which (the second excepted) is twice the preceding, we add 
4, we obtain the series 

4, 7, 10, 16, 28, 52, 100, 196, 388. 
These last numbers represent approximately the distances of the 
planets from the sun (except for Neptune^ which was not discovered 
when the so-called law was announced). 
This is shown in the following table : 



Plankts. 



Mercury 
Venus. . 
Earth. . . 

Murs 

[Ceres]. . 
Jupiter. . 
Saturn. . 
Urauus. , 
Neptune 



Actual 
Distance. 


BoDE*s Law. 


39 


4.0 


7-2 


7-0 


10-0 


10.0 


15.2 


16-0 


27-7 


28. 


52. 


52. 


95. 4 


100.0 


191.8 


:96.0 


800-4 


388 



It will be observed that Neptune does not fall within this ingenious 
scheme. Geres is one of the minor planets. 

The relative brightness of the sun and the various planets has been 
measured by ZOllner, and the results are given below. The column 
pel' cent shows the percentage of error indicated in the separate re- 
sults : 



Sun and 


Ratio : 1 to 


Percent, of Error. 


Moon 


618,000 

6,994.000,000 

5.472,000,000 

130.980.000.000 

8.486,000.000.000 

79,620,000,000,000 


1-6 


Mars 


5.8 


Juoiter 


5.7 


Saturn (ball alone) 


50 


Uranus 


60 


Neptune 


5.5 


\ 
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The diifereuces in the density, size, mass, and distance of the 
several planets, and in the amount of solar light and heat which they 
receive, are immense. The distance of Neptune is eighty times that 
of Mercury, and it receives only -^^^ as much light and heat from the 
sun. The density of the earth is about six times that of water, while 
Saturn* 8 mean density is less tlian that of water. 

The mass of tlie sun is far greater than that of any single planet 
in the system, or indeed than the combined mass of aH of them. In 
general, it is a remarkable fact that the mass of any given planet ex- 
ceeds the sum of the masses of all the planets of less mass than itself. 
This is shown in the following tabic, where the masses of the planets 
are taken as fractious of the sun's mass, which we here express as 
1.000,000,000: 



g Mercury. 

1 


e 

324 


• 
00 

1 


• 

I 


i 


6 

% 

P. 

1 


• 

1 


1 
1 


• 

QQ 


Planets. 


2,353 3,060 


44,250 


51,000 


285,580 


854,305 


1,000,000,000 


Masflss. 



The total mass of the small planets, like their number, is unknown, 
but it is probabl}'^ less than one thousandth that of our earth, and 
would hardly increase tlie sum-total of the above masses of the solar 
system by more than one or two units. The sun*s mass is thus over 
700 times that of all the other bodies, and hence the fact of its cen- 
tral position in the solar system \s explained. In fact, the cenire of 
gravity of the whole solar system is very little outside the body of the 
sun, and will be inside of it when Jupiter and Saturn are in opposite 
directions from it. 

Planetary Aspects. — The motions of the planets about the sun have 
been explained in Chapter V. From what is there said it appears 
tiiat the best time to see one of the outer planets will be when it is 
in opposition; that is, when its geocentric longitude or its right as- 
cension differs ISO*" or 12^ from that of the sun. At such a time the 
planet will rise at sunset and culminate at midnight. During the 
three months following opposition the planet will rise from three to 
six minutes earlier every day, so that, knowing when a planet is in 
opposition, it is easy to find it at any other time. For example, a 
month after opposition the phvnet will be two or three hours high 
about sunset, and will culminate about nine or ten o'clock. Of 
course the inner planets never come into opposition, and hence are 
best seen about the times of their greatest elongations. 
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Dlmsiuioiu of the iolax Bjrtam. — Tlie figure givea a rough plan of 
part of Ilie solar system ua ll vcouldappear to a spectalor imtnediatfty 
above or below tbu plaoe of tbe ecliptic. It is drttwn approximately 
to scale, tbe meau distance of the earth (= 1) beiog half an inch. 
The mean dialauce of Saturn would be 4'T7 inches, of Uranug 8'59 




inches, of NepUine 15-03 inches. On the sail 
thenea]-««iflxcd alar would be 103,133 inchea. Oi 



scale Ibc distance of 
over one and one balf 



The a 



ingemeot of the planets and satellites is, tben— 



The Inner Group. 

Mercury. 

Veiiua. 

Eurlh and Moon. 

llura and % moons. 



( Neptune and 1 moon. 
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To avoid repetitions, the elements of the major planets and othet 
data are collected into the two following tables, to which reference 
should be made by the student. The units in terms of which the vari- 
ous quantities are given are those familiar to us, as miles, days, etc., 
yet some of the distances, etc., are so immensely greater than any 
known to our daily experience that we must have recourse to illus- 
trations to obtain any idea of them at all. For example, the dis- 
tance of the sun is said to be 92^ million miles. It is of importance 
that some idea should be had of this distance, as it is the unit, in 
terms of which not only the distances in the solar system are ex- 
pressed, but which serves as a basis for measures in the stellar uni- 
verse. Thus when we say that the distance of the nearest star is over 
200.000 times the mean distance of the sun, it becomes necessary to see 
if some conception can be obtained of one factor in this. Of the ab- 
stract number, 92,500,000, we have no conception. It is far too 
great for us to have counted. We have never taken in at one view 
even a million similar discrete objects. The largest tree has less 
than 500,000 leaves. To count from 1 to 200 requires, with very 
rapid counting, 60 seconds. Suppose this kept up for a day without 
intermission ; at the end we should have counted 288,000, which is 
about -g^ of 92,500,000. Hence over 10 months' uninterrupted 
counting by night and day would be required simply to enumenite 
the number, and long before the expiration of the task all idea of it 
would have vanished We may take other and perhaps more strik- 
ing examples. We know, for instance, that the time of the fastest 
express-trains between New York and Chicago, which average 40 
miles per hour, is about a day. Suppose sucli a train to start for the 
sun and to continue running at this rapid rate. It would take 363 
years for the journey. Three hundred and sixty-three years ago there 
was not a European settlement in America. 

A cannon-ball moving continuously across the intervening space 
nt its highest speed would require about nine years to reach the sun. 
The report of the cannon, if it could be conveyed to the sun with 
the velocity of sound in air, would arrive there five years after the 
projectile. Such a distance is entirely inconceivable, and yet it is 
only a small fraction of those with which astronomy has to deal, even 
in our own system. The distance of Neptune is 30 times as great. 

If we examine the dimensions of the various orbs, we meet almost 
equally inconceivable numl)ers. The diameter of the sun is 860,000 
miles; its radius is but 430,000, and yet this is nearly twice the mean 
distance of the moon from the earth. Try to conceive, in looking at 
the moon in a clear sky, that if the centre of the sun could be placed 
at the centre of the earth, the moon would be far within the sun's 
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surface. Or again, conceive of the force of gravity at the surface of 
the various bodies of the system. At the sun it is nearly 28 times 
that known to us. A pendulum beating seconds here would, if 
transported to the sun. vibrate with a motion more rapid than that 
of a watch -balance. The muscles of the strongest man would not 
support him erect on the surface of the sun : even lying down he 
would crush himself to death under his own weight of two tons. 
We may by these illustrations get some rough idea of the meaning of 
the numbers in these tables, and of the incapability of our limited 
powers to comprehend the true dimensions of even the solar system. 
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CHAPTER n. 

THE SUN. 
GENEBAL SUMICASY. 

To enable the nature of the phenomena of the sun to be 
clearly understood, we preface our account of its physical 
constitution by a brief summary of its main features. 

Photosphere. — To the simple vision the sun presents the 
aspect of a brilliant sphere. The visible shining surface 
of this sphere is called the photospherey to distinguish it 
from the body of the sun as a whole. The apparently flat 
surface presented by a view of the photosphere is called the 
sun's disk. 

Spota — When the photosphere is examined with a tele- 
scope, small dark patches of varied and irregular outline 
are frequently found upon it. These are called the solar 
spots. 

Botation. — When the spots are observed from day to 
day, they are found to move over the sun's disk from east to 
west in such a way as to show that the sun rotates on its 
axis in a period of 25 or 26 days. The sun, therefore, has 
axis, poles, and equator, like the earth, the axis being the 
line around which it rotates from west to east. 

Facnlffi.— Groups of minute specks brighter than the 
general surface of the sun are often seen in the neighbor- 
hood of spots or elsewhere. They are coWed facul($. 
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Chromosphere, or Sierra. — The solar photosphere is coy- 
ered by a layer of glowing vapors and gases of very irregu- 
lar depth. At the bottom lie the vapors of many metals, 
iron, etc., volatilized by the fervent heat which reigns 
there, while the upper portions are composed principally 
of hydrogen gas. This vaporous atmosphere is commonly 
called the chromosphere, sometimes the sierra. It is en- 
tirely invisible to direct vision, whether with the telescope 
or naked eye, except for a few seconds about the beginning 
or end of a total eclipse, but it may be seen on any clear 
day through the spectroscope. 

Prominences, Protuberances, or Bed Flamea — The gases 
of the chromosphere are frequently thrown up in irregular 
masses to vast heights above the photosphere, it may be 
60,000, 100,000, or even 200,000 kilometres. Like the 
chromosphere, these masses have to be studied with the 
spectroscope, and can never be directly seen except when 
the sunlight is cut off by the intervention of the moon 
during a total eclipse. They are then seen as rose-colored 
flames, or piles of bright red clouds of irregular and fantas- 
tic shapes. 

Corona. — During total eclipses the sun is seen to be en- 
veloped by a mass of soft white light, much fainter than 
the chromosphere, and extending out on all sides far be- 
yond the highest prominences. It is brightest around the 
edge of the sun, and fades off toward its outer boundary, 
by insensible gradations. This halo of light is called the 
corona, and is a very striking object during a total eclipse. 

• 

The Photosfhebe. 

Aspect and Structure of the Photosphere. — The disk of the sun is cir- 
cular Iq shape, no matter what side of the sun's globe is turned tO» 
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ward UB, whence it followa that tbe aun itself is a sphere. The upect 
of the disk, wlieD viewed with tlic naked eye, or wiih n telescope of 
Ion power, is that of a uniform bright, sliining surface, hence called 
lYie photosphere. With n telencope of higher power tbe pholoapherQ 
ia Been to be diversifleil wiLh groups of spots, and under good cott' 




ditions tbe whole mass has a mottled or curdled appearance. Thii 
mottling is caused by tbe preaence of cloud-like forma, whose out- 
lines though faint are yet distinguishable. The background is also 
covered with small white data or forma atiU smaller than the clouds. 
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These are the ** rice-grains," so called. The clouds themselves are 
composed of small, intensely hright bodies, irregularly distributed, 
of tolerably definite shapes, which seem to be suspended in or super- 
posed on a darker medium or background. The spaces between the 
bright dots vary in diameter from 2" to 4" (about 1400 to 2800 kilo- 
metres). The rice-grains themselves have been seen to be composed 
of smaller granules, sometimes not more than O'.S (135 miles) in 
diameter, clustered together. Thus there have been seen at least 
three orders of agirregation in the brighter parts of the photosphere: 
the larger cloud like forms; the rice grains; and, smallest of all, the 
granules. 

Light and Heat from the Photosphere. — The photosphere 
is not equally bright all over the apparent disk. This is at 
once evident to the eye in observing the sun with a tele- 
scope. The centre of the disk is most brilliant, and the 
edges or limhs are shaded off so as to forcibly suggest the 
idea of an absorptive atmosphere, which, in fact, is the 
cause of this appearance. 

Such absorption occurs not only for the rays by which 
we see the sun, the so-called visual rays, but for those 
which have the most powerful effect in decomposing the 
salts of silver, the so-called chemical rays, by which the 
ordinary photograph is taken. 

The amount of heat received from different portions of 
the sun's disk is also variable, according to the part of the 
apparent disk examined. This is what we should expect. 
That is, if the intensity of any one of these radiations (as 
felt at the earth) varies from centre to circumference, that 
of every other should also vary, since they are all modifi- 
cations of the same primitive motion of the sun's con- 
stituent particles. But the constitution of the sun's at- 
mosphere is such that the law of variation for the three 
classes is different. The intensity of the radiation in the 
sun itself and inside of the absorptive atmosphere is prob- 
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ably nearly constant. The ray which leaves the centre 
of the sun's disk in passing to the earth traverses the 
smallest possible thickness of the solar atmosphere^ while 
the rays from points of the sun's body which appear to us 
near the limbs pass, on the contrary, through the maxi- 
mum thickness of atmosphere, and are thus longest sub- 
jected to its absorptive action. 

This is plainly a rational explanation, since the part of 
the sun which is seen by us as the limb varies with the 
position of the earth in its orbit and with the position of 
the sun's surface in its rotation, and has itself no physical 
peculiarity. The various absorptions of different classes 
of rays correspond to this supposition, the more refrangi- 
ble rays, violet and blue, suffering most absorption, as they 
must do, being composed of waves of shorter wave-length. 

AmoTint of Heat Emitted by the Sun. — Owing to the 
absorption of the solar atmosphere, it follows that we re- 
ceive only a portion — perhaps a very small portion — of 
the rays emitted by the sun's photosphere. 

If the sun had no absorptive atmosphere, it would seem 
to us hotter, brighter, and more blue in color. 

Exact notions as to how great this absorption is are hard 
to gain, but it maybe said roughly that the best authorities 
agree that although it is quite possible that the sun's at- 
mosphere absorbs half the emitted rays, it probably does 
not absorb four fifths of them. 

The amount of this absorption is a practical question to 
us on the earth. So long as the icentral body of the sun 
continues to emit the same quantity of rays, it is plain that 
the thickness of the solar atmosphere determines the num- 
ber of such rays reaching the earth. If in former times 
this atmosphere was much thicker, then less heat would 
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have reached the earth. Glacial epochs may be explained 
in this way. If the central body of the sun has likewise 
had different emissive powers at different times, this again 
would produce a variation in the temperature of the earth. 

Amount of Heat Badiated. — There is at present no way of determin- 
ing accurately either the absolute amount of heat emitted from the 
central body or the amount of this heat stopped by the solar atmos- 
phere itself. All that can be done is to measure (and that only 
roughly) the amount of heat really received by the earth, without 
attempting to define accurately the circumstances which this radiation 
has undergone before reaching the earth. 

PouiLLET has experimented upon this question, making allowance 
for the time that the sun is below the horizon of any place, and for 
the fact that the solar rays do not in general strike perpendicularly 
but obliquely upon any given part of the earth's surface. His con- 
clusions may be staled as follows : if our own atmosphere were re- 
moved, the solar rays would have energy enough to melt a layer of 
ice 9 centimetres thick over the whole eartii daily, or a layer of about 
32 metres thick in a year. 

This action is constantly at work over the whole of the sun*s sur- 
face. To produce a similar effect by the combustion of coal would 
require that a layer of coal 5 metres thick spread all over the sun 
should be consumed every hour. This is equivalent to a continuous 
evolution of 10,000 horse-power on every square foot of the sun's 
surface. If the sun were of solid coal and produced its own heat by 
combustion, it would burn out in 6000 years. 

Of this enormous outflow of heat the earth receives only 
ira ooo^ooooo ' ^^ Usive expressed the power of even this small frac- 
tion of the sun's heat in terms of the ice it would melt daily. If we 
compute how much coal it would require to melt the same amount, 
and then further calculate how much work this coal would do, we 
shall And that the sun sends to the earth an amount of beat which is 
equivalent to one horse-power continuously acting for every 80 
square feet of the earth's surface. Most of this is expended in main- 
taining 4he earth's temperature; but a small portion, about TiAnr» ^s 
stored away by animals and vegetables, and this slight fraction is 
the source upon which the human race depends. If this were with- 
drawn the race would perish. 

Of the total amount of heat radiated by the sun the earth receives 
but an insignificant share. The sun is capable of heating the entire 
surface of a sphere whose radius is the earth's mean distance to the 
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same degree that the earth is now heated. The surface of such a 
sphere is 2,170,000,000 times greater than the augulur dimensions of 
the earth as seen from the sun, and hence the earth receives less than 
one two-billionth part of the solar radiation. The rest of the solar 
rays are, so far as we know, lost in space. 

Solar Temperature. — From the amount of heat actually radiated by 
the sun, attempts have been made to determine the actual tempera- 
ture of the solar surface. The estimates reached by various authori- 
ties differ widely, as the laws which govern the absorption within 
the solar envelope are almost unknown. Some such law of absorp- 
tion has to be supposed in any such investigation, and the estimates 
have differed widely according to the adopted law. 

Secchi estimates this temperature at about 6,100,000° C. Other 
estimates are far lower, but, according to all sound philosophy, the 
temperature must far exceed any terrestrial temperature. There can 
be no doubt that if the temperature of the earth's surface were sud- 
denly raised to that of the sun, no single chemical element would re- 
main in its present condition. The most refractory materials would 
be at once volatilized. 

We may concentrate the heat received upon several square feet 
(the surface of a huge burning-lens or mirror, for instance), examine 
its effects at the focus, and, making allowance for the condensation 
by the lens, see what is the minimum possible temperature of the 
sun. The temperature at the focus of the lens cannot be higher than 
that of the source of heat in the sun ; we can only concentrate the 
heat received on the surface of the lens to one point and examine its 
effects. If a lens three feet in diameter be used, the most refractory 
materials, as fire-clay, platinum, the diamond, are at once melted or 
volatilized. The effect of the lens is plainly the same as if the earth 
were brought closer to the sun, in the ratio of the diameter of the 
focal image to that of the lens. In the case of the lens of three feet, 
allowing for the absorption, etc., this distance is yet greater than 
that of the moon from the earth, so that it appears that any comet or 
planet so close as this to the sun, if composed of materials similar to 
those in the earth, must be vaporized. 

Sun-spots and Facttls. 

A very cursory examination of the sun's disk with a small tele- 
scope will generally show one or more dark spots upon the photo- 
sphere. These are of various sizes, from minute black dots 1' or 2' 
in diameter (1000 kilometres or less) to large spots several miniitev 
of arc in extent. 
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Solar spots generally have a dark central nu^eut or limSra, sur- 
rouDded by a border or penumbra of grayish tint, intermediate in 
Bliade between Hie central blackness and tbe brigbt pbotosphere. 
By iucreaalug the power of the telescope, the spots are aeuii to be of 
very complex forms. The umhra is often eitremely irregular in 
Hbape, atid is sometimes crossed by bridges or ligaments of shining 
mailer. Tiie penumbra is composed of fllamenta of brighter and 
darker ligbt, which are arranged in slri*. The general aspect of a 
spot under considerable magnifying power is shown in Fig. 59. 

The first printed account of solar spots was given by Fabritics in 
1611, and Qalilbo id the same year (Hay, 1611} also described tUem. 




Galileo's observations showed them to belong to the sun ilscif, and 
to move uniformly across the solar disk from east to west, A spot 
just visible at the east limb of tlie sun on any one day travelled slow- 
ly across the disk for 12 or 14 days, when it reached the west limb, 
behind which it disappeared. After about the same period, it reap- 
pears at the eastern limb, unless, as is often the case, it has in the 
mean time vanished. 

The spots are not pei'manent in ilicir nature, but are formed some- 
where on the sun, and disappear after lasting a few days, weeks, or 
months. But so long as they last they move regularly from east to 
west on the sun's apparent disk, making one complete rotation in 
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about 26 days. This period of 2S daja it therefore approximately 
the rotsiioD period of the sun itaelf. 

Spott«d B«^Dii, — It Is found that the Bpots are chiefly cooBned td 
two zoDGS, oue ia each hemisphere, extending from about 10° to 8S° 
or 40° of heliographic latitude. Ia tlie polar region spots are 
scarcely ever Been, and on tlie solar equator tliey are much more rare 
than in latitudes 10° north or south. Connected witli the spots, hut 
lying on or above the solar surface, are faeulai, motUiDgs of ilgbl 
^igliter than the general surface of the sun. 
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Bolu Azii and Equator.— The spots must revolve with the surface 

of the sun about \\is axh, and Itje directions of llieir motions must Lie 

approximately parallel to liis equator. Fig, 61 shows the appear- 

auccH as actually observed, tiie dotted li 

paths of the spots aerosa llie sun's disk ai 

In June and December these paths, to a 

to be right lines, and benee at these titn 

plane of the solar equator. At otiiertii 

in March and September the planes of these ellipses are moat oblique, 

showing the spectator to be then furthest from llie plane of the solar 

equator. The inclination of the solar equator to the ecliptic is about 

7° 9', and the axis of rotation is of course perpendicular lu it. 



ts representing the apparent 
It different limes of the year. 
a observer on the earth, aeein 
^s the observer must be iu the 

:» the pnlljs are ellipses, and 
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Katim of the Spoti. — The suD-spots are really depres 
siona in the photosphere, as was first pointed out by An- 
drew Wilson of Glasgow in 1774. When aspot is seen at 
the edge of the disk, it appears as s notch in the limb, and is 




elliptical in shape. Ab the rotation carries- it further and 
further on to the disk, it becomes more and more nearly 
circular in shape, and after passing the centre of the disk 
the appeai'ancee take jiluce in reverse order. 

These oliservations were eiplflined by Wilbon, and more fully hy 
&r WiLLiAU Bebschel, by Bi:pposing the bud to codeUI of an in. 
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terior ijark cool mass, surrounded by two layers of clouds. The 
ouier layer, wliicb forms [be visible pholospberc, was supposed ex- 
tremely brillluDl. Tlie iuuer layer, whicU could not be seen eicept 
when a cavity existed in the photosphere, was supposed to be darfc 
Tlie appearance of the edges of a spot, wljicli baa been described us 
the penumbra, was supposed to arise from tliose dark clouds. Tlie 
spots themselves are, according to this view, nothing but opening* 
tbrou^ botli of the atmospheres, the nudeui of the spot being simply 
Ibe black surfiice of the inner spliere of the sun itself. 
Tbis theory. Fig. 63, accounts for the facts as they were known 




to Hesbchrl. But when it is confronted with the questions of the 
cause of the sun's lieat and of the method by which tbis heat has 
been mainlained conatnnt in amount for centuries, it breaks down 
completely. The conclusions of Wilson and Herschel, that the 
spots are depressions in the sun's surface, are undoubted. But the 
existence of a cool central and eolid nucleus to the sun Is now 
known to be impossible. The apparently black centres of the spoil 
are BO mostly by contrast. If they were seen against a perfectly 
black background, they would appear very bright, as has lieen 
proved by photometric measures. And a cool solid nucleus beneaUi 
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such an atmosphere as Herschel supposed would soon become gas- 
eous by the conduction and radiation of the heat of the photosphere. 
The supply of solar heat, which has been very nearly constant dur- 
ing the historic period, in a sun so constituted would have sensibly 
diminished in a few hundred years. For these and other reasons 
the hypothesis of Herschel must be rejected, save as to the fact 
that the spots are really cavities in the photosphere. 

Nnmber and Periodicity of Solar Spots. — The number of 
solar spots which come into view varies from year to year. 
Although at first sight this might seem to be what we call 
a purely accidental circumstance, like the occurrence of 
cloudy and clear years on the earth, observations of sun- 
spots establish the fact that this number varies periodically. 

The periodicity of the spots will appear from the following sum- 
mary: 

From 1828 to 1831 the sun was without spots on only 1 day. 



In 1833 


it 






189 days. 


From 1836 to 1840 


tt 






8 " 


In 1843 


ti 






147 " 


From 1847 to 1851 


<< 






2 " 


In 1856 


<< 






198 " 


From 1858 to 1861 


(( 






no day. 


In 1867 


(4 






195 days. 



Every 11 years there is a minimum number of spots, and about 5 
years after each niininmm there is a maximum. If, instead of mere- 
ly counting the number of spots, measurements arc made on solur 
photographs of the extent of spotted araiy the period comes out with 
greater distinctness. This periodicity of the area of the solar spots 
appears to be connected with magnetic phenomena on the earth's 
surface, and with the number of auroras visible. It has been sup- 
posed to be connected also with variations of temperature, of ram- 
fall, and with other meteorological phenomena such as the monsoons 
of the Indian Ocean, etc. The cause of this periodicity is as yet un- 
known. It probably lies within the sun itself, and is similar to the 
cause of the periodic action of a geyser. As the periodic variations 
of the spots correspond to variations of the magnetic needle on the 
earth, it appears that there is a connection of an unknown nature 
between the sun and the earth. 



212 ASTBOJf^OMZ 



The Sttn*8 Chbomosfhebe and Coboita. 

Phenomena of Total Eclipses. — The beginning of a total solar 
eclipse is marked simply by the small black notch made in the 
luminous disk of the sun by the advancing edge or limb of the 
moon. This always occurs on the western half of the sun, as the 
moon moves from west to east in its orbit. An hour or more must 
elapse before the moon has advanced sufficiently far in its orbit to 
cover the sun*s disk. During this time the disk of the sun is gradu- 
ally hidden until it becomes a thin crescent. 

The actual amount of the sun's light may be diminished to two 
thirds or three fourths of its ordinary amount without its being 
strikinjrly perceptible to the eye. What is first noticed is the change 
which takes place in the color of the surrounding landscape, which 
begins to wear a ruddy aspect. This grows more and more pro- 
nounced, and gives to the adjacent country that weird effect which 
lends so much to the impressiveness of a total eclipse. The reason 
for the change of color is simple. We have already said that the 
sun*s atmosphere absorbs a large proportion of the bluer Ti\yf^, and as 
this absorption is dependent on the thickness of the solar atmosphere 
through which the rays must pass, it is plain that just before the sun 
is totally covered the rays by which we see it will be redder than 
ordinary sunlight, as they are those which come from points near 
the sun's limb, where they have to pass through the greatest thick- 
ness of the sun's atmosphere. 

The color of the light becomes more and more lurid up to the mo- 
ment when the sun has nearly disappeared. If the spectator is upon 
the top of a high mountain, he can then begin to see the moon's 
shadow rushing toward him at the rate of a kilometre in about a 
second. Just as the shadow reaches him there is a sudden increase 
of darkness; the brighter stars begin to shine in the dark lurid sky, 
the thin crescent of the suu breaks up into small points or dots of 
light, which suddenly disappear, and the moon itself, an intensely 
black ball, appears to hang isolated in the heavens. 

An instant afterward the corona is seen surrounding the black 
disk of the moon with a soft effulgence quite different from any 
other light known to us. Near the moon's limb it is intensely bright, 
and to the naked eye uniform in structure; 5' or W from the limb 
this inner (torona has a boundary more or less defined, and from this 
extend streamers and wings of fainter and more nebulous light 
These are of various shapes, sizes, and brilliancy. No two solar 
eclipses yet observed have been alike in this respect. 
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These appearances, though changeable, do not change in the time 
the moon's shadow requires to pass from Vancouver's Island to 
Texas, for example, which is some fifty minutes. 

Superposed upon these wings may be seen (sometimes with the 
naked eye) the red flames or protuberances which were first discov- 
ered during a solar eclipse. These need not be more closely de- 
scribed here, as they can now be studied at any lime by aid of the 
spectroscope. 

The total phase lasts for a few minutes (never more than six or 
seven), and during this time, as the eye becomes more and more 
accustomed to tlie faint light, the outer corona is seen to stretch 
further and further away from the sun's limb. At the eclipse of 1878, 
July 29th, it was seen to extend more than 6° (about 9,000,000 miles) 
from the sun's limb. Just before the end of the total phase there is 
a sudden increase of the brightness of the sky, due to the increased 
illumination of the earth's atmosphere near the observer, and in a 
moment more the sun's rays are again visible, seemingly as bright as 
ever. From the end of totality till the last contact ths phenomena 
of the first half of the eclipse are repeated in inverse order. . 

Telescopic Aspect of the Corona. — Such are the appearances to the 
naked eye. The corona, as seen through a telescope, is, however, 
of a very complicated structure. The inner corona is usually com- 
posed of bright striae or filaments separated by darker bands, and 
som« of these latter are sometimes seen to be almost totally black. 
The appearances are extremely irregular, but they are often as if the 
inner corona were made up of brushes of light on a darker back- 
ground. 

The corona and red prominences are solar appendages. It was 
formerly doubtful whether the corona was an atmosphere belonging 
to the sun or to the moon. At the eclipse of 1860 it was proved by 
measurements that the red prominences belonged to the sun and not 
to the moon, since the moon gradually covered them by its motion, 
they remaining attached to the sun. The corona has also since been 
shown to be a solar appendage. 

Gaseous Nature of the Prominences.— The eclipse of 1868 (July) 
was total in India, and was observed by many skilled astronomers. 
A discovery of M. Janssen's will make this eclipse forever memora- 
ble. He was provided with a spectroscope, and by it observed the 
prominences. One prominence in particular was of vast size, and 
when the spectroscope was turned upon it, its spectrum was dhscon- 
tinuous, showing the bright lines of hydrogen gas. 

The brightness of the spectrum was so marked that Janssek deter- 
mined to keep his spectroscope fixed upon it even after the reappear- 
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ance of sunlight, to see how long it could be followed. It was fouad 

that its spectrum could still be aeeu after the return of complete buq- 
ligiit; and not ouly oa tbat day, but on saUaequent days, similar 
pheoomena could be observed. 

Oue great difiiculty waa conquered in an inatant. The red flames 
which formerly were only to be seen for a few moments during the 
comparatively rare occurrences of total eclipses, aud whose observa- 
tioD demanded loog and expensive journeys to distant parts of the 
world, could now bo regularly observed with. all the fucililies offered 
by a fixed observntory. 

Tliis great step ia advance was independently made by Hr. Locs- 




FlO. M.— Fosiis 

TEB, and his discovery was derived from pure theory, unaided b 
eclipse itself. By this method the prominences have been carefully 
mapped day iiy day nil around the sun, and it has been proved that 
. arputid this body there is a vast atmosphere of hydrogen gas — the 
chromosphere or iuiTa. From out of this the prominences are pro- 
jected sometimes to heights of 100,000 kilometres or more. 

It will be necessary to recall tlie main facta of otiservation which 
are fundamental in the use of the spectroscope. When a brilliant 
point is examined with the spectroscope, it is spread out by the prism 
into a band — the spectrum. Using two prisms, the spectrum be* 
comes longer, but the lig;ht of the surface, being spread over » 
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greater area, is enfeebled. Three, four, or more prisms spread out 
the spectrum proportionally more. If the spectrum is of an incan- 
descent solid or liquid, it is always continuous, and it can be en- 
feebled to any degree ; so that any part of it can be made as feeble as 
desired. 

This method is precisely similar in principle to the use of the tele- 
scope in viewing stars in the daytime. The telescope lessens the 
.brilliancy of the sky, while the disk of the star is kept of the same 
mtensity, as it is a point in itself. It thus becomes visible. The 
spectrum of a glowing gas will consist of a definite number of lines, 
say three — A, B, C, for example. Now suppose the spectrum of this 
gas to be superposed on the continuous spectrum of the sun; by 
using only one prism, the solar spectrum is short and brilliant, and 
every part of it may be more brilliant than the line spectrum of the gas. 
By increasing the dispersion (the number of prisms), the solar spec- 
trum is proportionately enfeebled. If the ratio of the light of the 
bodies themselves, the sun and the gas, is not too great, the ccmtinu- 
ous spectrum may be so enfeebled that the Ifne spectrum will be 
visible when superposed upon it, and the spectrum of the gas may 
then be seen even in the presence of true sunlight. Such was the 
process imagined and successfully carried out by Mr. Lockyer, and 
such is in essence the method of viewing the prominences to-day 
adopted. 

The Coronal Spectrum. — In 1869 (August 7th) a total solar eclipse 
was visible in the United States. It was probably observed by more 
astronomers than any preceding eclipse. Two American astron- 
omers, Professor Young, of Dartmouth College, and Professor Habk- 
NESS, of the Naval Observatory, especially observed the spectrum of 
the corona. This spectrum was found to consist of one faint green- 
ish line crossing a faint continuous spectrum. The place of this line 
in the maps of the solar spectrum published by Kibchhoff was oc- 
cupied by a line which he had attributed to the iron spectrum, and 
which had been numbered 1474 in his list, so that it is now spoken 
of as 1474 K. This line is probably due to some gas which must be 
present in large and possibly variable quantities in the corona, and 
which is not known to us on the earth, in this form at least. It is 
probably a gas even lighter than hydrogen, as the existence of this 
line has been traced W or 20' from the sun*s limb nearly all around 
the disk. 

In the eclipse of July 29th. 1878, which was total in Colorado and 
Texas, the continuous spectrum of the corona was found to be 
crossed by the dark lines of the solar spectrum, showing that the 
coronal light was composed in part of reflected sunlight 
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SOTTBCES OF THE STTN'S HEAT. 

Theories of the Sun's Constitation. — No considerable 
fraction of the heat radiated from the sun returns to it 
from the celestial spaces. But we know the sun is daily 
radiating into space 2,170,000,000 times as much heat as 
is daily received by the earth, and it follows that unless 
the supply of heat is infinite (which we cannot believe) this 
enormous daily radiation must in time exhaust the supply. 
When the supply is exhausted, or even seriously trenched 
upon, the result to the inhabitants of the earth will be fatal. 
A slow diminution of the daily supply of heat would pro- 
duce a slow change of climates from hotter toward colder. 
The serious results of a fall of 50° in the mean annual tem- 
perature of the earth will be evident when we remember 
that such a fall would change the climate of France to that 
of Spitzbergen. The temperature of the sun cannot be 
kept up by the mere combustion of its materials. If the 
sun were solid carbon, and if a constant and adequate supply 
of oxygen were also present, it has been shown that, at the 
present rate of radiation, the heat arising from the com- 
bustion of the mass would not last more than 6000 years. 

An explanation of the solar heat and light has been suggested, 
which depends upon the fact that great amounts of heat and light 
are produced by the collision of two rapidly moving heavy bodies, 
or even by the passage of a heavy body like a meteorite through the 
earth's atmosphere. In fact, if we had a certain mass available with 
which to produce heat in the sun, and if this mass were of the best 
possible materials to produce heat by burning, it can be shown that, 
by burning it at the surface of the sun, we should produce vastly 
less heat than if we simply allowed it to fall into the sun. In the 
last case, if it fell from the earth's distance, it would give 6000 times 
more heat by its fall than by Its burning. 

The least velocity with which a body from space could fall upon 
the sun's surface is in the neighborhood of 980 miles in a second of 
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time, and the velocity may be as great as 850 miles. The meteoric 
theory of solar heat is in effect that the heat of the sun is kept up by 
the impact of meteors upon its surface. 

No doubt immense numbers of meteorites fall into the sun daily 
and hourly, and to each one of them a certain considerable portion 
of heat is due. It is found that, to account for the present amount of 
radiation, meteorites equal In mass to the whole earth would have to 
fall into the sun every century. It is extremely improbable that a 
mass oue tenth as large as this is added to the sun in this way per 
century, if for no other reason because the earth itself and every 
planet would receive far more than its present share of meteorites, 
and would become quite hot from this cause alone. 

There is still another way of accounting for the 8un*s constant 
supply of energy, and this has the advantage of appealing to no cause 
outside of the sun itself in the explanation. It is by supposing the 
heat, light, etc., to be generated by a constant and gradual contrac- 
tion of the dimensions of the solar sphere. As the globe cools by 
radiation into space, it must contract. In so contracting its ultimate 
constituent parts are drawn nearer together by their mutual attrac- 
tion, whereby a form of energy is developed which can be trans- 
formed into heat, light, electricity, or other physical forces. 

This theory is in complete agreement with the known laws of 
force. It also admits of precise comparison with facts, since the 
laws of heat enable us, from the known amount of heat radiated, to 
infer the exact amount of contraction in inches which the linear 
dimensions of the sun must undergo in order that this supply of heat 
may be kept unchanged, as it is practically found to be. With the 
present size of the sun, it is found that it is only necessary to sup- 
pose that its diameter is diminishing at the rate oT about 220 feet per 
year, or 4 miles per century, in order that the supply of heat radiated 
shall be constant. It is plain that such a change as this may be 
taking place, since w^e possess no instruments sufficiently delicate to 
have detected a change of even ten times this amount since the in- 
vention of the telescope. 

It may seem a paradoxical conclusion that the cooling of a body 
may cause it to become hotter. This indeed is true only when we 
suppose the interior to be gaseous, and not solid or liquid. It is, 
however, proved by theory that this law holds for gaseous masses. 

We cannot say whether the sun has yet begun to liquefy 
in his interior parts, and hence it is impossible to predict 
at present the duration of his constant radiation. Theory 
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shows us that after about 5,000,000 years, the sun radiat- 
ing heat as at present, and still remaining gaseous, will be 
reduced to one half of his present yolume. It seems prob- 
able that somewhere about this time the solidification will 
have begun, and it is roughly estimated, from this line of 
argument, that the present conditions of heat radiation 
cannot last greatly oyer 10,000,000 years. 

The future of the sun (and hence of the earth) cannot, 
as we see, be traced with great exactitude. The past can 
be more closely followed if we assume (which is tolerably 
safe) that the sun up to the present has been a gaseous and 
not a solid or liquid mass. Four hundred years ago, then, 
the sun was about 16 miles greater in diameter than now; 
and if we suppose this process of contraction to have regu- 
larly gone on at the same rate (an uncertain supposition), 
we can fix a date when the sun filled any given space, out 
even to the orbit of Neptune; that is, to the time when 
the solar system consisted of but one body, and that a gas- 
eous or nebulous one. It will subsequently be seen that 
the ideas here reached A posteriori have a striking analogy 
to the a priori ideas of Kant and La Place. 

It is not to be taken for granted, however, that the 
amount of heat to be derived from the contraction of the 
sun's dimensions is infinite, no matter how large the prim- 
itive dimensions may have been. A body falling from any 
distance to the sun can only have a certain finite velocity 
depending on this distance and the mass of the sun itself, 
which, even if the fall be from an infinite distance, cannot 
exceed, for the sun, 350 miles per second. In the same 
way the amount of heat generated by the contraction of the 
sun's volume from any size to any other is finite and not 
infinite. 
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It has been shown that if the sun has always been radi- 
ating heat at its present rate, and if it had originally filled 
all space, it has required 18,000,000 years to contract to its 
present volume. In other words, assuming the present 
rate of radiation, and taking the most favorable case, the 
age of the sun does not exceed 18,000,000 years. The 
earth is, of course, less aged. The supposition lying at 
the base of this estimate is that the radiation of the sun 
has been constant throughout the whole period. This is 
quite unlikely, and any changes in this datum affect greatly 
the final number of years which we have assigned. While 
this number may be greatly in error, yet the method of 
obtaining it seems, in the present state of science, to be 
satisfactory, and the main conclusion remains that the past 
of the sun is finite, and that in all probability its future is 
a limited one. The exact number of centuries that it is to 
last are of no moment even were the data at hand to obtain 
them: the essential point is that, so far as we can see, the 
sun, and incidentally the solar system, has a finite past and 
a limited future, and that, like other natural objects, it 
passes through its regular stages of birth, vigor, decay, and 
death, in one order of progress. 
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THE INFEBIOB PLAHETS 



HOTIONB AHD ASFECTS. 

The inferior plaoeU are tliose nhoee orbits lie between the sun 
BDd tlie orbit of ilieearlli. Comruenciog willi tlie more diBlaot ones, 
tliey comprise Venut and M&i'eury. 

Tlie rt'al iind apparent motions of ihese planclB Ltive atroady been 
briefly described in Part I., Chapter V. It will be reiiipmbered tbat, 
ia accordance witli Kepler's lliinj law, tlieir pciiocis of revolution 
around tlie sua are leas than tlint of tbe eurtli. Consequently they 
overtake liie laller between successive inferior conjuoclions. 

The interval between these 
conjunctions is about four 
months in tbe case of Mer- 
eary, anil between nineteen 
and twenty months in that of 
Venv». At the end of tliis 
period each repeats ihe same 
series of motions relative to 
the auD. Wbiit Ihese molions 
are can be readily seen by 
studying Fig. 65. In llie first 
place, suppose Ihe earlh at 
any point, E, of its orbit, and 

EM. from S. tangent to the 

orbit of either of these planets, -pio bb. 

it is evident that Ihe angle 

which this line makes with that drawn to Ihe sun is the greatest 

elongation of the planet from the sun. The orbits being eccentric, 

this elongation varies with Ihe position of the earlh. In Ihe case 

of Mereury it ranges from 16° to 29°, while in the case of Vertun, the 

orbit of which is nearly circular, it varies very little from 45°. These 

planets, therefore, seem to have an oscillating motion, first stvitj^ng 
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toward the east of Ibc bud, and llien toward tlie west of it, as already 
explained. Since, owing to tlie annual revolution of the earlh, the 
Bun has a constant eastward motion among the stars, these planets 
must have, on llie whole, a corresponding though intermittent motion 
in the same direction. Therefore the ancienC astronomers supposed 
Ilieir period of revolution to be one year, the same as that of Uie 

If, ^ain, we draw a line E8 C from the earth through tlie sun. the 
point 7, in whicli this line cuts the orhit ot (lie pJuuet, or liie point 
of inferior conjunction, will be the least distance of the plunet front 
iie earth, while the second point C, 
r the point oF superior conjunction, 
u the opposite side of the sun, will 
I l)e tlie greatest distance. Owing to 
~ e difference oF these distances the 
apparent miignitudc of these planela, 
jeen front the earth, is subject to 
FiQ, OS.— Apfariht HioHiTumi great variations. 

OF THi Diw or Mkbcuby. pj^ gg g^jj^^g jijgj^ variations in tha 

case of Mercury, A representing its apparent magnitude when at its 
greatest distance, B when at its mean distance, and C^wlien at its 
least distance. In llie case of Venus (Fig, 67) the variatious are much 
greater than in that of Mercury, the greatest distance, 1.73, i)eing 
more than six times the least distance, wbich'is only 0.28. The 
variations of apparent magnitude are tlierefore great in the some 
proportion. 

In thus representing tlie apparent angiilnr magnitude of these 
planets, we suppose their whole disks to be visible, as they would be 
it they sbone by their own light. But since they can be seen only by 
tiie reflected light of the sun, only those portions of the disk can be 
seen which are at the same time visible from the sun and from the 
earth, A very little consideration will show tiiat the proportion of 
the disk which can be seen constantly diminishes as the planet ap- 
proaches the earth, and looks larger. 

Wbentbeplanet is at its greatest distoiice, or in superior conjunction 
(,0, Fig. 65), its wliolc illuniinalcd hemisphere can be seen from the 
earth. As it moves around and approaches the eartli, the illuminated 
hemisphere is gradually turned from us. At the point of greatest 
elongation, M or L, one half the hemisphere is visible, and the 
planet has Ilie form of the moon at first or second quarter. As It 
approaches inferior conjunction, the apparent risible disk assumes 
the form of a crescent, which becomes thinner and thinner as the 
planet approaches the sun. 
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Fie. 68 bIiows the apparent disk of 3f«reur^atvsriouBtImeBcluiiDg 
its synodic revolution, Tlie plnnel will appear brightest wben this 
disk liaa tbe great^^t surface. Tliis occurs about bulf way between 
greatest elongatioD and inferior conjunction. 

In coDsequCDce of the cbanges in tbe briUiancy of these planets 
produced bj the vnrintiocs of dislauce, nnd those produced by the 




Dun or Tedds. 



variations in tbe proportion of iliuminnted disk visible from the 
earth, partially compensating each other, their actual brilliancy is 
not subject to such great Tariations as might have been expected. 
As a general rule. Mercury sliises with a light exceeding that of a 
star of the first magnitude. But owing to its proximity to the sun. 
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FlQ. 68.— APPBiBiNCK OF MbBCUBT *T DirFEBOlT POISTB 0» ITS OBBIT. 

It can never t)e seen by the naked eye except in the west a short tim« 
after sunset, and In the east a little before sunrise. It is then of 
necessity near the horizon, and therefore does not seem so bright as 
if it were at a greater altitude. In our latitudes we might almost 
say that it is aerei visible except id tlie morniDg or evening twilight. 
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On the other hand, the planet Venus is, next to the sun and moon, 
the most brilliant object in the heavens. It is so mucli brighter 
than any fixed star that there can seldom be any difficulty in identi- 
fying it. The unpractised observer might under some circumstances 
find a difficulty in distinguishing betv^reen Venus and Jupiter, bul 
the different motions of the two planets will enable him to distin- 
guish them if they are watched from night to night during several 
weeks. 

Atxosfheke and Botatiok of Mebcttby. 

The various phases of Mercury, as dependent upon its various 
positions relative to the sun, have already been shown. If the planet 
were an opaque sphere, without inequalities and without an atmos- 
phere, the apparent disk would always be bounded by a circle on 
one side and an ellipse on the other, as represented in the figure. 
Whether any variation from this simple and perfect form has ever 
been detected is an open question, the balance of evidence being very 
strongly in the negative. It is extremely difficult to detect markings 
on the surface of Mercury. Still it is likely from what has been 
seen that the planet revolves on its axis once in 88 days. (See page 
261.) The atmosphere of Mercury is not dense but it contains the 
vapor of water, as does that of the earth. The diameter of the 
planet is about 3000 miles. Its mass is about \ that of the earth. 
Its density is nearly that of the metal mercury. 

ATMOSFHEBE and BOTATION of V£N(T8. 

As Venus sometimes comes nearer the earth than any other pri- 
mary planet, astronomers have examined its surface with great at- 
tention ever since the invention of the telescope. All that can be 
said regarding the rotation of Venus is that it probably turns on its 
axis once in about 225 days (see page 261). 

Atmosphere of Venus. — The evidence of an atmosphere of Venus is 
perhaps more conclusive than in the cnse of any other planet. 
When Venus is observed very near its inferior conjunction, and 
when it therefore presents the view of a ver}' thin crescent, it is 
found that.this crescent extends over more than 180**. This would 
be evidently impossible unless the sun illuminated more than one 
half the planet. We therefore conclude that Venus has an atmos- 
phere which exercises so powerful a refraction upon the light of the 
sun that the latter illuminates several degrees more than one half the 
globe. A phenomenon which must be attributed to the same cause 
has several times been observed during transits of Venus. During 
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the transit of December 8th, 1874, most of the observers who enjoyed 
a fine steady atmosphere saw that when Venus was partially pro- 
jected on the sun, the outline of that part of its disk outside the sun 
could be distinguished by a delicate line of light. From these 
several observations it would seem that the refractive power of the 
atmosphere of VervM is greater than that of the earth. 

TSANSITS OF MEBCUBH AND VEKirS. 

When Mercury or Venus passes between the earth and sun, so as 
to appear projected on the sun's disk, the phenomenon is called a 
transit. If these planets moved around the sun in the plane of the 
ecliptic, it is evident that there would be a transit at every inferior 
conjunction. 

The longitude of the descending node of Mercury at the present 
time is 227°, and therefore that of the ascending node 47°. The 
earth has these longitudes on May 7tli and November 9th. Since a 
transit can occur only within a few degrees of a node, Mercui^y cau 
transit only within a few days of these epochs. 

The longitude of the descending node of Venus is now about 256* 
and therefore that of the ascending node is 76°. The earth has these 
longitudes on June 6th and December 7th of each year. Transits of 
Venus can therefore occur only within two or three days of these 
times. 

Becurrence of Transits of Mercury. — The following table shows the 
dates of occurrence of transits of Mercury during the present cen- 
tury. They are separated into May transits, which occur near the 
descending node, and November ones, which occur near the ascend- 
ini^ node. November transits are the most numerous, because 
Mercury is then nearer the sun, and the transit limits are wider. 



1799, May 6. 
1832, May 5. 
1845, May 8. 
1878, May 6. 
1891, May 9. 



1802, Nov. 9. 
1815. Nov. 11. 
1822, Nov. 5. 
1835, Nov. 7. 
1848, Nov. 10. 
1861, Nov. 12. 
1868, Nov. 5. 
1881, Nov. 7. 
1894. Nov. 10. 

Recurrence of Transits of Venns. — For many centuries past and to 
come, transits of Venus occur in a cycle more exact than those of 
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Mercury. It happens that Venus makes 18 revolutions around the 
sun in nearly the same time that the earth makes 8 revolutions ;= that 
is, in eight years. During this period there will be 5 inferior Con- 
junctions of Venus, because the latter has made 5 revolutions more 
than the earth. Consequently, if we wait eight years from an inferior 
conjunction of Venu^, we shall, at the end of that time, have another 
inferior conjunction, the fifth in regular order, at nearly the same 
point of the two orbits. It will, therefore, occur at the same time 
of the year, and in nearly the same position relative to the node of 
Venus. 

After a pair of transits 8 years apart, an interval of over 100 years 
must elapse before the occurrence of another pair as is shown in the 
following table. The dates and intervals of the transits for three 
cycles nearest to the present time are as follows: 



1518, 


Jupe 2. 


1761, 


June 5. 


2004, June 8 


Intervals. 
8 years. 


1526, 


June 1. 


1769, 


June 3. 


2012, June 6. 


105i " 


1631, 


Dec. 7. 


1874, 


Dec. 9. 


2117, Dec. 11. 


8 " 


1635f, 


Dec. 4. 


1882, 


Dec. 6. 


2125, Dec. 8 


121i " 



Supposed Intsamescusial Planets. 

Some astronomers are of opinion that there is a small planet or 
a group of planets revolving around the sun inside the orbit of 
Mercury. To this supposed planet the name Vulcan has been given; 
but astronomers generally discredit the existence of any such planet 
of considerable size. 

The evidence in favor of the existence of such planets may bp 
divided into three classes, as follows, which will be considered in 
their order: 

(1) A motion of the perihelion of the orbit of Mercury, supposed 
to be due to the attraction of such a planet or group of planets. 

(2) Transits of dark bodies across the disk of the sun which have 
been supposed to be seen by various observers during the past cen- 
tury. 

(3) The observation of certain unidentified objects by Professor 
Watson and Mr. Lewis Swift during the total eclipse of the sun, 
July 29th, 1878. 

(1) In 1858 Lb Verrier made a careful collection of all the obser- 
vations on the transits of Mercury which had been recorded since the 
invention of the telescope. . The result of that investigation wae 
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that the observed times of transit could not be reconciled with the 
calculated motion of the planet, as due to the gravitation of the 
other bodies of the solar system, fle found, however, that if, in 
addition to the changes of the orbit due to the attraction of the 
known planets, he supposed a motion of the perihelion amounting to 
36" in a century, the observations could all be satisfied. Such a 
motion might be produced by the attraction of an unknown planet 
inside the orbit of Mercury. Since, however, a single planet, in 
order to produce this effect, would have to be of considerable size, 
and since no such object had ever been observed during a total 
eclipse of the sun, he concluded that there was probably a group of 
planets much too small to be separately distinguished. 

(2) It is to be noted that if such planets existed they would fre- 
quently pass over the disk of the sun. During the past fifty years 
the sun has been observed almost every day with the greatest 
assiduity by eminent observers, armed with powerful instruments, 
who have made the study of the sun's surface and spots the principal 
work of their lives. None of these observers has ever recorded the 
transit of an unknown planet. This evidence, though negative in 
form, is, under the circumstances, conclusive against the existence 
of such a planet of such magnitude as to be visible in transit with 
ordinary instruments. 

(3) The observations of Professor Watson during the total eclipse 
above mentioned seem to afford the strongest evidence yet obtained 
in favor of the real existence of the planet. His mode of proceeding 
was briefly this: Sweeping to the west of the sun during the eclipse, 
lie saw two objects in positions where, supposing the pointing of his 
telescope accurately known, no fixed star existed. There is, how- 
ever, a pair of known stars, one of which is about a degree distant 
from one of the unknown objects, and the other about the same 
distance and direction from the second. It is probable that Professor 
Watson's supposed planets were this pair of stars. 

Since the above was written Prof. Watson*s observations have 
been repeated under exceptionally favorable circumstances at the 
eclipse of May 6, 1883, and no trace of his supposed planets was seen, 
while much smaller stars were observed. 



CHAPTER IV. 



THE MOON. 



WHEiq^ it became clearly understood that the earth and 
moon were to be regarded as bodies of one class, and that 
the old notion of an impassable gulf between the character 
of bodies celestial and bodies terrestrial was unfounded, 
the question whetlier the moon was like the earth in all its 
details became one of great interest. The point of most 
especial interest was whether the moon could, like the 
earth, be peopled by intelligent inhabitants. Accordingly, 
when the telescope was invented by Galileo, one of the 
first objects examined was the moon. With every im- 
provement of the instrument the examination became 
more thorough, so that at present the topography of the 
moon is much better known than that of the State of 
Arkansas, for example. 

With every improvement in the means of research, it 
has become more and more evident that the surface of the 
moon is totally unlike that of our earth. There are no 
oceans, seas, rivers, air, clouds, or vapor. We can hardly 
suppose that animal or vegetable life exists under such cir- 
cumstances, the fundamental conditions of such existence 
on our earth being entirely wanting. We might almost as 
well suppose a piece of granite or lava to be the abode of 
life as the surface of the moon. 

The length of one mile on the moon would, as seen from 
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the earthy subtend an angle of about V of arc. More 
exactly, the angle subtended would range between 0^.8 and 
O'.O, according to the varying distance of the moon. In 
order that an object may be plainly visible to the naked 
eye, it must subtend an angle of nearly 1'. Consequently 
a magnifying power of 60 is required to render a round 
object one mile in diameter on the surface of the moon 
plainly visible. Starting from this fact, we may readily 
form the following table, showing the diameters of the 
smallest objects that can be seen with different magnifying 
powers, always assuming that vision with these powers is 
perfect: 

Power 60; diameter of object 1 mile. 
Power 150; diameter 2000 feet 
Power 500; diameter 600 feet 
Power 1000; diameter 300 feet 
Power 2000; diameter 150 feet 

If telescopic power could be increased indefinitely, there 
would of course be no limit to the minuteness of an object 
visible on the moon's surface. But the necessary imper- 
fections of all telescopes are such that only in extraordinary 
cases can anything be gained by increasing the magnifying 
power beyond 1000. The influence of warm and cold cur- 
rents in our atmosphere will forever prevent the advan- 
tageous use of high magnifying powers. After a certain 
limit we see nothing more by increasing the power, vision 
becoming indistinct in proportion as the power is increased. 
It is hardly likely that an object less than 600 feet in extent 
can ever be seen on the moon by any telescope whatever, 
unless it becomes possible to mount the instrument above 
the atmosphere of the earth. It is therefore only the great 
features on the surface of the moon, and not the minute 
ones, which can be made out with the telescope. 
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Chaiaetar of tba Hoon't BnrfMe. — TUe most striking poiut of dif- 
fereuce between tlie earth and moon (a seen in the total absence from 
tlie liitier of anytliia^ tliat looks like au uudulating surface. No 
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formations similar to our valleys and mountaia-chains have been 
detected. The lowest surface of the moon which can be seen with 
the telescope appears to be nearly smooth and flat, or, to speak 
more exactly, spherical (because the moon is a sphere). This sur- 
face has different shades of color in different regions. Some por- 
luiinriif riivprv tint whi)fi ^ t hcrs have a da rk gray ap- 
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in this aspect by various geologists. 

Lunar Atmosphere. — The question whether the moon has an atmos- 
phere has been much discussed. The only conclusion which has yet 
been reached is that no positive evidence of an atmosphere has ever 
been obtained, and that if one exists it is certainly several hundred 
times rarer than the atmosphere of our earth. 
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Light and Heat of the Moon. — Many attempts have been made to 
measure the ratio of the light of the full moon and that of the sun. 
Tlie results have been very discordant, but all Lave agreed in show- 
irg that the sun emits several hundred thousand times as much light 
as the full moon. The last and most careful determination is that of 
Z5LLNER, who finds the sun to be 618,000 times as bright as the full 
moon. 

The moon must reflect the heat as well as the light of the sun, and 
must also radiate a small amount of its own heat. The latest re- 
searches indicate that the amount received by the earth is inappre- 
ciable. The moon*s temperature is probably never much above zero. 

Is there any Change on the Surface of the Moon t — When the sur- 
face of the moou was first found to be covered by craters having the 
appearance of volcanoes at the surface of the earth, it was very 
naturally thought that these supposed volcanoes might be still in 
activity, and exhibit themselves to our telescopes by their flames. 
Not the slightest sound evidence of any incandescent eruption at the 
moon's surface has been found, however. 

Several instances of supposed changes of shape of features on the 
moou*s surface have been described in recent times. 

The question whether these changes are proven is one on which 
the opinions of astronomers differ. The difficulty of reaching a cer- 
tain conclusion arises from the fact that each feature necessarily 
varies in appearance, owing to the different directions in which the 
sun's light falls upon it. Sometimes the changes are very difficult 
to account for, even when it is certain that they do not arise from 
any change on the moon itself. Hence while some regard the appa- 
rent changes as real, others regard them as due only to differences in 
the mode of illumination. 

The Moon only Shows one Face to the Earth. — The moon rotates on 
her axis from west to east, and the time required for one rotation is 
the same as that required for one revolution in her orbit. If a line 
be drawn from the earth to the moon, this line will always touch the 
same hemisphere of the moon : and the moon does not rotate at all 
with reference to this line. But if any line be drawn through the 
sun parallel to the moon's axis, the moon sometimes turns one face 
and sometimes another to this line. An observer on the earth, how* 
ever, sees but one hemisphere of the moon. 

Lunar Statistics. — The moon's mean distance is 60.27 radii of the 
earth, or 238,840 miles. Its diameter is 2163 miles. Its surface is 
y^^ of the earth's surface, its volume yj^, and its density is ^ that 
of the earth or 3.4 that of water. 



CHAPTER V. 

the planet mars; 
Desgsiptiok of the Planet. 

Mars is the next planet beyond the earth in the order of 
distance from the sun, being about half as far again as the 
earth. It has a decided red color, by which it may be 
readily distinguished from all the other planets. Owing to 
the considerable eccentricity of its orbit, its distance, both 
from the sun and from the earth, varies in a larger propor- 
tion than does that of the other outer planets. 

At the most favorable oppositions, its distance from the 
earth is about 0.38 of the astronomical unit, or, in round 
numbers, 57,000,000 kilometres (35,000,000 of miles). 
This is greater than the least distance of Venus, but we 
can nevertheless obtain a better view of Mars under these 
circumstances than of Venus, because when the latter is 
nearest to us its dark hemisphere is turned toward us, 
while in the case of Mars and of the outer planets the 
hemisphere turned toward us at opposition is fully illumi- 
nated by the sun Its diameter is 4,210 miles. 

The period of revolution of Mars around the sun is a 
little less than two years, or, more exactly, 687 days. The 
successive oppositions occur at intervals of two years and 
one or two months, the earth having made during this in- 
terval a little more than two revolutions around the sun, 
and the planet Mars a little more than one. The dates of 
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several past and future oppositions are shown in the fol- 
lowing table: 

1890 May. 

1892 August. 

1894. October. 

Owing to the unequal motion of the planet, arising from 
the eccentricity of its orbit, the intervals between succes- 
sive oppositions vary from two years and one month to two 
years and two and a half months. 

Mars necessarily exhibits phases, but they are not so well 
marked as in the case of VenuSy because the hemisphere 
which it presents to the observer on the earth is always 
more than half illuminated. The greatest phase occurs 
when its direction is 90° from that of the sun, and even 
then six sevenths of its disk is illuminated, like that of the 
moon, three days before or after full moon. The phases 
of Mars were observed by Galileo in 1610. 

Rotation of Mars — Tlie early telescopic observei*s noticed that the 
disk of Mars did not appear uniform in color and brightness, but 
had a variegated aspect. In 1666 Dr. Robert Hooke found that 
the markings on Man were permanent and moved around in such a 
way as to show that the planet revolved on its axis. The markings 
given in his drawings can be traced at the present day, and are 
made use of to determine the exact period of rotation of the planet. 
So well is the rotation fixed by them that the astronomer can now 
determine the exact number of times the planet has rotated on its 
axis since these old drawings were made. The period has been 
found to be 24^ 37™ 22' • 7, a result which appears certain to one or 
two tenths of a second. It is therefore less than an hour greater 
than the period of rotation of the earth. 

Surface of Mars. — A study of the markings on Ma/ra has led some 
astronomers to the conclusion that its surface is diversified by land and 
water, covered by an atmosphere, and altogether very similar to the 
surface of the earth. Some portions of the surface are of a decided, 
red color, and thus give rise to the well-known fiery aspect of the 
planet. Other parts are of a greenish hue, and are therefore sup- 
posed to be seas. The most striking features are two brilliant white 
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regions, one lying around each pole of the planet. It has been sup- 
posed that this appearance is due to immense masses of snow and 
ice surrounding the poles. If this were so, it would indicate that 
the processes of evaporation, cloud formation, and condensation of 
vapor into rain and snow go on at the surface of Mars as at the sur- 
face of the earth. A certain amount of color is given to this theory 
by supposed changes in tlie magnitude of tiiese ice-caps. But the 
problem of establishing such changes is one of extreme difficulty. 
The only way in which an adequate idea of this difficulty can be 
formed is by the student himself looking at Mars through a telescope. 
If he will then note how hard it is to make out the different 
shades of light and darkness on the planet, and how they must vary in 
aspect under different conditions of clearness in our own atmosphere, 
he will readily perceive that much evidence is necessary to establish 
great changes. All we can say, therefore, is that the formation of 
the ice-caps in winter and their melting in summer has much evi- 
dence in its favor, but is not yet completely proven. 

Satellites of Mas& 

Until the year 1877 Mars was supposed to have no satellites, none 
having ever been seen in tlie most powerful telescopes. But in 
August of that year Professor Hall, of the Naval Observatory, 
instituted a systematic search with the great equatorial, which 
resulted in the discovery of two such objects. 

These satellites are by far tlie smallest celestial bodies known. ^ It Is 
of course impossible to measure their diameters, as they appear in 
the telescope only as points of light. The outer satellite is probably 
about six miles and the inner one about seven miles in diameter. 
The outer one was seen wiih the telescope at a distance from the 
earth of 7,000,000 times this diameter. The proportion would be 
that of a ball two inches in diameter viewed at a distance equal to 
that between the cities of Boston and New York. Such a feat of 
telescopic seeing is well fitted to give an idea of the power of modern 
optical instruments. 

Professor Hall found that the outer satellite, which he called 
Deimos, revolves around the planet in SO'^ 16", and the inner one, 
called Phobos, in 7^" 38". The latter is only 5800 miles from the 
centre of Mars, and less than 4000 miles from its surface. It would 
therefore be almost possible with one of our telescopes on the sur- 
face of Mars to see an object the size of a large animal on the 
satellite. 

This short distance and rapid revolution make the inner satellite 
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at Mart one of the most Interesting bo^es with which we are ftc- 
quainled. It performs a revolutioD !□ its orbit iD less tliaii haif ttte 
time that Man revolves oo its axis. In consequence, to tbe inlin))- 
ilants (if Man it would seem to rise in tbe weat aud set in the easL 
It will be remembered [bat llie revolution of the moon around the 
earth and of tlie earth on its axis aie both from west to east; but the 
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latter revolution being the more rapid, lie appnrent diurnal motion 
of tbe moon is from east to weaL In Ihe case of the inner satellite 
of Man, however, this is reversed, and it tiierefore appears to moT« 
in the actual direction of its orbilal motion. The rapidit7 of its 
phasea ie also equally remarkable. It is less than two hours from 
new moon to first quarter, and so on. Tiiua (he inhabitants of Man 
may see their inner moon pass ihrougli all its pbasea from new to 
full and again to new in a single night 



CHAPTER VI. 

THE MINOR PLANETS. 

When the solar system was first mapped out in its true 
proportions by Copernicus and Keplee, only six primary 
planets were known; namely, Mercury^ Venus, the Earth, 
Mars, Jupiter, and Saturn. These succeeded each other 
according to a nearly regular law, as we have shown in 
Chapter I., except that between Mars and Jupiter a gap 
was left where an additional planet might be inserted, 
and the order of distances be thus made complete. It was 
therefore supposed by the astronomers of the seven tee^nth 
and eighteenth centuries that a planet might be found in 
this region. A search for this object was instituted to- 
ward the end of the last century, but before it had made 
much progress a planet in the place of the one so long 
expected was found by Piazzi, of Palermo, The discov- 
ery was made on the first day of the present century, 1801, 
January 1st. 

In the course of the following seven years the astronom- 
ical world was surprised by the discoveiy of three other 
planets, all in the same region, though not revolving in 
the same orbits. Seeing four small planets where one 
large one ought to be, Olbers was led to his celebrated 
hypothesis that these bodies were the fragments of a large 
planet which had been broken to pieces by the action of 
some unknown force. 
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A generation of astronomers now passed away without 
the discovery of more than these four. In 1845 a fifth 
planet of the group was found. In 1847 three more were 
discovered, and discoveries have since been made at a rate 
which thus far shows no signs of diminution. The num- 
ber has now reached 323, and the discovery of additional 
ones seems to be going on as fast as ever. The frequent 
announcements of the discovery of planets which appear 
^in the public prints all refer to bodies of this group. 

The minor planets are distinguished from the major 
ones by many characteristics. Among these we may men- 
tion their small size; their positions, all being situated be- 
tween the orbits of Mars aui Jupiter; the great eccentrici- 
ties and inclinations of their orbits. 

Kumber of SmaU Planets. — It would be interesting to know how 
many of these planets there are in all, but it is as yet impossible even 
to guess at the number. As already stated, fully 300 are now 
known, and the number of new ones found every year ranges from 
7 or 8 to 10 or 12. If ten additional ones are found every year dur- 
ing the remainder of the century, 400 will then have been dis- 
covered. 

A minor planet presents no sensible disk, and therefore looks ex- 
actly like a small star. It can be detected only by its motion among 
the surrounding stars, which is so slow that hours must elapse before 
it can be noticed. 

Magnitudes. — It is impossible to make any precise measurement of 
the diameters of the minor planets. These can, however, be esti- 
mated by the amount of light which the planet reflects. Supposing 
the proportion of light reflected about the same as in the case of the 
larger planets, it is estimated that the diameters of the three or four 
largest, which are those first discovered, range between 800 and 800 
kilometres, while the smallest are probably from 20 to 50 kilometres 
in diameter. The average diameter of all that are known is perhaps 
less than 150 kilometres (say 90 miles); that is, scarcely more than 
one hundredth that of the earth. The volumes of solid bodies vary 
as the cubes of their diameters; it might therefore take a million of 
these planets to make one of the size of the earth. 
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Form of Orbits. — The orbits of tlie minor planets are much more 
eccentric tlian those of the larger ones; their distance from the sun 
therefore varies very widely. 

Origin of the Minor Planets. — The question of the origin of these 
bodies was long one of great interest. The features which we have 
described associate themselves very naturally with the hypothesis 
Of Olbebs, that we here have the fragments of a single large planet 
which in the beginning revolved in its proper place between the 
orbits of Mars and Jupitei', No support has been given to Olbers' 
hypothesis by subsequent investigations, and it is no longer consid- 
ered by astronomers to have any foundation. So far as can be judged, 
these bodies have been revolving around the sun as separate planets 
ever since the solar system itself was formed. 



CHAPTER VII. 

JUPITER AND HIS SATELLITES. 

The Plaket Jupiter. 

Jupiter is much t^a^ largest planet in the system. His 
mean distance is nearly 800,000,000 kilometres (480,000,- 
000 miles). His diameter is 140,000 kilometres,* corre- 
sponding to a mean apparent diameter, as seen from the 
earth, of 36^5. His linear diameter is about ^,his surface 

is Y^iT' ^"^ h^^ volume ysW ^^^^ ^^ ^^^^ ^^^« ^'^ msi&% is 
Y^, and his density is thus nearly the same as the sun's; 
viz., 0.24 of the earth's. He rotates on his axis in 
%^ 55°^ 20». 

He is attended by four satellites, which were discovered 
by Galileo on January 7th, 1610. He named them, in 
honor of the Medicis, the Medicean stars. They are 
now known as Satellites I, II, III, and IV, I being the 
nearest. 

The surface of Jupiter has been carefully studied with 
the telescope, particularly within the past twenty years. 
Although further from us than Mars, the details of his 
disk are much easier to recognize. The most characteristic 
features are given in the drawings appended. These 
features are, first, the dark bands of the equatorial 
regions, and, secondly^ the cloud-like forms spread over 
nearly the whole surface. At the limb all these details 
become indistinct, and finally vanish, thus indicating a 

« About 87,000 miles. 
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highly absorptive atmosphore. The light from the centre 
of the disk is twice as bright as that from the polea. The 
bands can be seen with inBtruments no more powerful 
than those used bj Galileo, yet he makes no mention of 
them. 

The color of the bands is reddish. The position of the 
bands varies in latitude, and the shapes of the limiting 
curves also change from day to day; but in tbe main they 
remain ae permanent features of the region to which they 
belong. Two such bands are usually yisible, but often 
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more are seen. Kerschel, in the year 1793, attributed 
the aspects of the bands to zones of the planet's atmos- 
phere more tranquil and less filled with clouds than the re- 
maining portioDB, ao as to permit the true sui-fiice of the 
planet to be seen through these zones, while the prevailing 
clouds in the other regions give a brighter tint to these 
latter. The color of the bands seems to vary fi'om time to 
time, and their bordering lines sometimes alicr wilh such 
rapidity as to show that these borders are formed of some- 
thing like clouds. It is not likely that we see the planet's 
surface. 
The clouds themselves can easily he seen at times, and 
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they have every variety of shape, sometimes appearing as 
brilliant circular white maases, bat oftener they are similar 
in form to a series of white cumulus cloads such aB are 
frequently seen piled up near the horizon on a summer's 
day. The bands themselves seem frequently to be veiled 
over with something like the thin cirrus clouds of our at- 
mosphere. 
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Such clouds can be tolerably accurately observed, and maybe need 
to determine the rotation-time of the planet. These observaUoni 
show that the clouds have often a motion of their own, which is ■Iso 
evident from other consideratious. 

The following results of observnlion of spots situaled 'n vuioOB 
regiions of the plauet will illustrate this; 
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Ths BATELimB or JvrtTEM. 

Kotioiii of tlw teMUtw.— Tlis four satellliM mnve *bont JvplUt 
from west to east in nearly drcnlftr orbllB. When one of tbne 
satettites pasBes between the sun and JvpUer, It cuts a iluulow npon 
JupiU^i disk (see 71g. 73} precUelT u the ilukdow of onr mooa !■ 
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thrown upon the earth in a solar eclipse. If the satellite passes 
through Jupiter's own shadow in its revolution, an eclipse of this 
satellite takes place. If it passes between the earth and JupUer, it 
is projected upon Jupiter's disk, and we have a transit; if Jupiter is 
between the earth and the satellite, an occuUation of the latter oc- 
curs. All these phenomena can be seen with a common telescope, 
and the times of observation are all found predicted in the Nautical 
Almanac. These shadows being seen black upon Jupiter's surface, 
show that this planet shines by reflecting the light of the sun. 

Telescopic Appearance of the Satellites. — Under ordinary circum- 
stances, the satellites of Jupiter are seen to have disks; that is, not 
to be mere points of light. Under very favorable conditions, mark- 
ings have been seen on these disks. 

The satellites completely disappear from telescopic view when 
they enter the shadow of the planet. This seems to show that 
neither planet nor satellite is self luminous to any great extent. If 
the satellite were self-luminous, it would be seen by its own light; 
and if the planet were luminous, the satellite might be seen by the re- 
flected light of the planet. 

The motions of these objects are connected by two curious and 
important relations discovered by La Place, and expressed as fol- 
lows: 

I. TJie mean m>o(ton of the first satellite added to tmce the mean mo- 
tion of tlie third is exactly equal to three times the mean motion of the 
second. 

II. If to the mean longitude of the first satellite we add tttice the mean 
longitude of th^ third, and subtract three timss the m£an longitude of the 
second J ihe difference is always 180°. 

The first of these relations is shown in the following table of the 
mean daily motions of the satellites: 

Satellite I in one day moves 203°.4890 

" II ** " 101".3748 

•* III " " 50°.3177 

** IV " *' 2r.5711 

Motion of Satellite 1 203°.4890 

Twice that of Satellite III 100°.6354 

Sum 304M244 

Three times motion of Satellite II 304^ 1244 

Observations showed that this condition was fulfilled as exactly as 
possible, but the discovery of La Place consisted in showing that if 
the approximate coincidence of the mean motions was once estab- 
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lished, they could never deviate from exact coincidence with the 
law. The case is analogous to that of the moon, which always 
presents the same face to us and which always will, since the rela- 
tion being once approximately true, it will become exact and ever 
remain so. 

The discovery of the gradual propagation of light by means of 
these satellites has already been described, and it has also been ex- 
plained tliat they are of use in the rough determination of longi- 
tudes. To facilitate their observation, the Nautical Almanac gives 
complete epliemerides of their phenomena. A specimen of a portion 
of such an ephemcris for 1865, March 7th, 8th, and 9th, is added. 
The times are Washington mean times. 
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Suppose an observer near New York City to have determined his 
local time accurately. This is about 13™ faster than Washington 
time. On 1865. March 8th, he would look for the reappearance of 
II at about 15^ 34™ of his local time. Suppose he observed it at 
15^ 36™ 22".7 of his time: then his meridian is 12™ 11".6 east of 
Washington. The difficulty of observing these eclipses with accu- 
racy, and the fact that the aperture of the telescope employed has an 
important effect on the appearances seen, have kept this method 
from a wide utility, which it at first seemed to promise. 



CHAPTER VIII. 
SATURN AND ITS SYSTEM. 

Oenebal Descbiftiok. 

Saturn is the most distant of the major planets known 
to the ancients. It revolves around the sun in 29^ years, 
at a mean distance of about 1,400,000,000 kilometres 
(882,000,000 miles). The angular diameter of the ball of 
the planet is about 16''. 2, corresponding to a true diameter 
of about 110,000 kilometres (70,500 miles). Its diameter 
is therefore nearly nine times and its volume about 700 
times that of the earth. It is remarkable for its small 
density, which, so far as known, is less than that of any 
other heavenly body, and even less than that of water. It 
revolves on its axis in 10*^ 14™ 24% or less than half a day. 

Saturn is perhaps the most remarkable planet in the 
solar system, being itself the centre of a system of its 
own, altogether unlike anything else in the heavens. Its 
most noteworthy feature is a pair of rings which surround 
it at a considerable distance from the planet itself. Out- 
side of these rings revolve no less than eight satellites, 
or twice the greatest number known to surround any other 
planet. The planet, rings, and satellites are altogether 
called the Saturnian system. The general appearance of 
this system, as seen in a small telescope, is shown in Pig. 74, 
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To the naked eye Saturn is of a dull yellowish color, 
sliiniDg with ahout the brilliancy of a star of the first mag- 
nitude. It varies in brightness, however, with the way in 
which its ring is seen, being brighter the wider the ring 
appears. It conies into opposition at intervals of one year 
and from twelve to fourteen days. The following are the 
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times of some of these oppositions, by studying which one 
will be enabled to recognize the planet; 

1890 February. 

1891 March. 

1892 March. 

1893 March. 

1894 April. 

When viewed with a telescope, the physical appearance 
of the ball of Saturn is quite similar to that of Jupiter, 
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haying light and dark belts parallel to the direction of its 
rotation. 

The Binos of Satubk. 

The rings are the most remarkable and characteristic feature of 
the Saturnian system. Fig. 75 gives two views of the ball and rings. 
Tiie upper one shows one of their aspects as actually presented in 
the telescope, and the lower one shows what the appearance woul<] 
be if the planet were viewed from a direction at right angles to the 
plane of the ring (which it never can be from the earth). 

The first telescopic observers of 8atum were unable to see the 
rings in their true form, and were greatly perplexed to account 
for the appearance which the planet presented. Galileo described 
the planet as " tri-corporate," the two ends of the ring having, in his 
imperfect telescope, the appearance of a pair of small planets at- 
tached to the central one. ''On each side of old ifiiSri^t^m were ser- 
vitors who aided him on his way." This supposed discovery was 
announced to his friend Kepler in this logogriph : 

''smaismrmilmepoetalevmibuncnugttaviras," which, being trans- 
posed, becomes — 

"Altissimum planetam tergeminum observavi" (I have obsenred 
the most distant planet to be tri-form). 

The phenomenon constantly remained a mystery to its first ob- 
server. In 1610 he had seen the planet accompanied, as he suppoAed, 
by two lateral stars; in 1612 the latter had vanished and the central 
body alone remained. After that Galileo ceased to observe 3atum, 

The appearances of the ring were also incomprehensible to He- 
VBLIU8, Gassendi, and others. It was not until 1655 (after seven 
years of observation) that tlie celebrated Huyghens discovered the 
true explanation of the remarkable and recurring series of phenom- 
ena present by the tri-corporate planet. 

He announced his conclusions in the following logogriph: 

"aaaaaa ccccc d eeeee g h iiiiiii 1111 mm nnnnnnnnn oooo pp q rr s 
ttttt uuuuu," which, when arranged, read — 

** Annulo cingitur, tonui, piano, nusqiiam coherente, ad eclipticam 
inclinato" (it is girdled by a thin plane ring, nowhere touching, in- 
clined to the ecliptic). 

This description is complete and accurnte. 

In 1675 it was found by Cassini, that what IIuyghens had seen 
as a single ring was really two. A division extended all the way 
around near the outer edge. This division is shown in the figures. 

In 1850 the Messrs Bond, of Harvard College Observatory, found 
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that there was a third ring, of a dusky and nebulous aspect, inside the 
other two, or rather attached to the inner edge of the inner ring. I( 
is therefore known as Bond's dusky ring. It had not been before fully 
described owing to its darkness of color, which made it a diiBcult 
object to see except with a good telescope. It is not separated from 
the bright ring, but seems as if attached to it. The latter shades off 
toward its inner edge, and merges gradually into the dusky ring. 
The latter extends about half way from the inner edge of the bright 
ring to the ball of the planet. 

Aspect of the Bingi.— Ajs Saturn revolves around the sun, the 
plane of the rings remains parallel to itself. That is, if we conaider 
a straight line passing through the centre of the planet, perpendic- 
ular to the plane of the ring, as the axis of the latter, this axis will 
always point in the same direction. In this respect the motioii is 
similar to that of the earth around the sun. The ring of Saturn is 
inclined about 2T to the plane of its orbit. Consequently, as the 
planet reyolves around the sun, there is a change in the direction in 
which the sun shines upon it similar to that which produces the 
change of seasons upon the earth, as shown in Fig. 83. 

The corresponding changes for Saturn are shown in Fig 76. Dur- 
ing each revolution of Saturn the plane of the ring passes throii|^ 
the sun twice. This occurred in the years 1878 and 1891, at two 
opposite points of the orbit, as shown in the figure. At two other 
points, midway between these, the sun shines upon the plane of the 
ring at its greatest inclination, about 27°. Since the earth is little 
more than one tenth as far from the sun as Saturn is, an obserrer 
always sees Saturn nearly, but not quite, as if he were upon the sun. 
Hence at certain times the rings of Saturn are seen edgeways; whUe 
at other times they nre at an inclination of 27°, the aspect depending 
upon the position of the planet in its orbit. The following are this 
times of some of the phases: 

1878, February 7tli. — The edge of the ring was turned toward the 
sun. It could then be seen only as a thin line of light. 

1885. — The planet having moved forward 90°, the south side of the 
rings may be seen at an inclination of 27°. 

1891, December. — The planet having moved 90° further, the edge 
of the ring is again turned toward the sun. 

1899. — The north side of the ring is inclined toward the sun, and 
is seen at its greatest inclination. 

The rings are extremely thin in proportion to their extent Con- 
sequently, when their edges are turned toward the earth, they appear 
as a thin line of light, which can be seen only with powerful tele- 
scopes. Witli such telescopes, the planet appears as if it were 
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pierced through by n piece of very fine wire, the ends of which pro- 
ject on each side more than the diameter of the planel. It has fre- 
quently been remarked tliat this appearance is seen on one aide of 
the planet, when no trace of the ring can be seen on the other. 

There is sometimes a period of a few weeka during which the 
plane of the riog, extended outward, passes between the sun and the 
eartli. That is, the sun shines on one side of the ring, while the 
other or dark aide is turned toward the earth. In this case it seems 
to be estahliahed that only the edge of the ring ta visible. If this bo 
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ao, the aubatance of the rings cannot be tranaparenl to the sun'a rays, 
else it wonld lie aeen by the light which passes through it. 

Conititation of the Bingi of Saturn. — The nature of these objects 
has been a subject lioth of wonder and of iiivesligalion by mathema- 
ticians and astronomers ever since they were discovered. They were 
at first supposed to be solid bndiea; indeed, from their appearance It 
was difficult to conceive of them as anything else. The question 
then arose: What keeps them from falling on the planet? It was 
shown by La Place that a homogeneous and solid ring surrounding 
the planet could not remain in a state of equilibrium, but must be 
precipitated upon the central ball by the smallest disturbing force. 
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It is now established beyond reasonable doubt that the rings do not 
form a continuous mass, but are really a countless multitude of small 
separate particles, each of which revolves on its own account. These 
satellites are individually far too small to be seen in any telescope, but 
so numerous that when viewed from the distance of the earUi they 
appear as a continuous mass, like particles of dust floating in a 
sunbeam. 



Satellites of Satttbit. 

Outside the rings of Saturn revolve its eight satellites, the order 
and discovery of which are shown in the following table: 







Distance 






No. 


Naxb. 


from 
Planet. 


Discoverer. 


Date of Discoivery. 


1 


Mimas 


33 


Herschel 


1789. September 17. 


2 


Enceladus 


4.3 


Herschel 


1789, August 28. 


3 


Tethys 


5-3 


Cassini 


1684, March. 


4 


Dione 


6-8 


Cassini 


1684, March. 


5 


Hbea 


9.5 


Cassini 


1672. December 28. 


6 


Titan 


20-7 


Huyghens 


1655, March 25. 


7 


Hyperion 


26-8 


Bond 


1848, September 16. 


8 


Japetus 


64-4 


Cassini 


1671, October. 



The distances from the planet are given in radii of the latter. The 
satellites Mimas and Hyperion are visible only in the most powerful 
telescopes. The brightest of all is Titan, which can be seen in a 
telescope of the smallest ordinary size. Japetus has the remarkable 
peculiarity of appearing nearly as bright as Titan when seen west of 
the planet, and so faint as to be visible only in large telescopes when 
on the other side. This appearance is explained by supposing that, 
like our moon, it always presents the same face to the planet, and 
that one side of it is dark and the other side light. When west of 
the planet, the bright side is turned toward the earth and the satel- 
lite is visible. On the other side of the planet, the dark side is turned 
toward us. and it is nearly invisible. Most of the remaining five 
satellites can ordinarily be seen with telescopes of moderate power. 



CHAPTER IX. 

THE PLANET URANUS. 

Uranus was discovered on March 13lh, 1781, by Sir 
William Herschel (then an amateur observer) with a 
ten-foot reflector made by himself. He was examining a 
portion of the sky near H Geminorum, when one of the 
stars in the field of view attracted his notice by its peculiar 
appearance. On further scrutiny, it proved to have a 
planetary disk, and a motion of over 2^ per hour. Herschel 
at first supposed it to be a comet in a distant part of its 
orbit, and under this impression parabolic orbits were com- 
puted for it by various mathematicians. None of these, 
however, satisfied subsequent observations, and it was 
finally determined that the new body was a planet revolv- 
ing in a nearly circular orbit. We can scarcely compre- 
hend now the enthusiasm with which this discovery was 
received. No new body (save comets) had been added to 
the solar system since the discovery of the third satellite 
of Saturn in 1684, and all the major planets of the heavens 
had been known for thousands of years. 

Uranus revolves about the sun in 84 years. Its apparent 
diameter as seen from the earth varies little, being about 
3^.9. Its true diameter is about 50,000 kilometres,* and its 
figure is spheroidal. 

In physical appearance it is a small greenish disk with- 

* About 81,000 miles. 
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out markings. It is possible that the centre of the disk is 
slightly brighter than the edges. At its nearest approach 
to the earthy it shines as a star of the sixth magnitadey 
and is just visible to an acute eye when the attention is 
directed to its place. In small telescopes with low powers, 
its appearance is not markedly different from that of stars 
of about its own brilliancy. 

Sir William Herschel suspected that Uranus was ac- 
companied by six satellites. 

Of the existence of two of these satellites there has never 
been any doubt. No one of the other four satellites de- 
scribed by IIehsciiel has ever been seen, and he was 
undoubtedly mistaken in supposing them to exist. Two 
additional ones were discovered by Lassell in 1847, and 
they are, with the satellites of Mars, the faintest objects in 
the solar system. Neither of them is identical with any of 
the missing ones of Herschel. As Sir William Heb- 
SCHEL had suspected six satellites, the following names for 
the true satellites are generally adopted to avoid confusion: 

DATS. 

I. Ariel Period = 2.620888 

II. mnhriel •' = 4.144181 

IIL Titania, Herschel's (II.) " = 8.705897 

IV. Ode7v/i, Herschel's (IV.) " =13.468269 

It is likely that Ariel varies in brightness on different 
sides of the planet, and the same phenomenon has also 
been suspected for Titania. 

The most remarkable feature of the satellites of Uranus is that 
their orbits are nearly perpendicular to the ecliptic instead of 
having a small inclination to that plane, like those of all the orbits 
of both planets and satellites previously known. To form a correct 
idea of the position of tne orbits, we must imagine them tipped over 
until their north pole is nearly 8° below the ecliptic, instead of 90" 
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above it. The pole of the orbit which should be considered as the 
north one is that from which, if an observer look down upon a re- 
volving body, the latter would seem to turn in a direction opposite 
that of the hands of a watch. When the orbit is tipped over more 
than a right angle, the motion from a point in the direction of the 
north pole of the ecliptic will seem to be the reverse of this; it is 
therefore sometimes considered to be retrograde. This term is fre- 
quently applied to the motion of the satellites of Uranus, but is 
rather misleading, since the motion, being nearly perpendicular to 
the ecliptic, is not exactly expressed by the term. 

The four satellites move in the same plane. This fact renders it 
highly probable that the planet Uranus revolves on its axis in the 
same plane with the orbits of the satellites, and is therefore an oblate 
spheroid like the earth. This conclusion is founded on the consid- 
eration that if the planes of the satellites were not kept together by 
some cause, they would gradually deviate from each other owing to 
the attractive force of the sun upon the planet. The different satel- 
lites would deviate by different amounts, and it would be extremely 
improbable that all the orbits would at any time be found in the 
same plane. Since we see them in the same plane, we conclude that 
some force keeps them there, and the oblateness of the planet would 
cause such a force. 



CHAPTER X. 
THE PLANET NEPTUNE. 

After the planet Uranus had been obseryed for some 
thirty years, tables of its motion were prepared by Bou- 
VARD. He had as data available for this purpose not only 
the observations since 1781, but also observations extend- 
ing back as far as 1695, in which the planet was observed 
and supposed to be a fixed star. As one of the chief diffi- 
culties in the way of obtaining a theory of the planet's 
motion was the sliort period of time during which it had 
been regularly observed, it was to be supposed that these 
ancient observations would materially aid in obtaining 
sxact accordance between the theory and observation. But 
it was found that, after allowing for all perturbations pro- 
duced by the known planets, the ancient and modem 
observations, though undoubtedly referring to the same 
object, were yet not to be reconciled with each other, but 
differed systematically. Bouvard was forced to omit the 
older observations in his tables, which were published in 
1820, and to found his theory upon the modern observa- 
tions alone. By so doing, he obtained a good agreement 
between theory and the observations of the few years 
immediately succeeding 1820. 

Bouvard seems to have formulated the idea that a pos- 
sible cause for the discrepancies noted might be the exist- 
ence of an unknown planet, but the meagre data at his 
disposal forced him to leave the subject untouched. In 
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1830 it was found that the tables which represented the 
motion of the planet well in 1820-25 were 20^ in error, in 
1840 the error was 90^ and in 1845 it was over 120^ 

These progressive and systematic changes attracted the 
attention of astronomers to the subject of the theory of 
the motion of Uranus, The actual discrepancy (120'') in 
1845 was not a quantity large in itself. Two stars of the 
magnitude of Uranus, and separated by only 120^ would 
be seen as one to the unaided eye. It was on account of 
its systematic and progressive increase that suspicion was 
excited. Several astronomers attacked the problem in 
various ways. The elder Struve, at Pulkova, prosecuted 
a search for a new planet along with his double-star obser- 
vations; Bessel, at Koenigsberg, set a student of his own, 
Fleming, at a new comparison of observation with theory, 
in order to furnish data for a new determination; Arago, 
then Director of the Observatory at Paris, suggested this 
subject in 1845 as an interesting field of research to Lb 
Verrier, then a rising mathematician and astronomer. 
Mr. J. C. Adams, a student in Cambridge University, 
England, had become aware of the problems presented by 
the anomalies in the motion of Uranus, and had attacked 
this question as early as 1843. In October, 1845, Adams 
communicated to the Astronomer Eoyal of England ele- 
ments of a new planet so situated as to produce the per- 
turbations of the motion of Uranus which had actually 
been observed. Such a prediction from an entirely un- 
known student, as Adams then was, did not carry entire 
. conviction with it. A series of accidents prevented the 
unknown planet being looked for by one of the largest 
telescopes in England, and so the matter apparently 
dropped. It may be noted, however, that we now know 
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Adams' elements of the new planet to nave been bo near 
the truth that if it had been really looked for by the powers 
ful telescope which afterward discovered its satellite, it 
could scarcely have failed of detection. 

Bessel's pupil Fleming died before his work was done, 
and Bessel's researches were temporarily brought to an 
end. Struve's search was unsuccessful. Only Lb Ybs. 
RiER continued his investigations^ and in the most 
thorough manner. lie first computed anew the pertur- 
bation of Uramcs produced by the action of Jupiter and 
Saturn. Then he examined the nature of the irregulari- 
ties observed. These showed that if they were caused by 
an unknown planet, it could not be between Saturn and 
Uramis, or else Saticrn would have been more affected 
than was the case. 

The new planet was outside of Uranus if it existed at 
all, and as a rough guide Bode's law was invoked, which 
indicated a distance about twice that of Uranus, In the 
summer of 1840 Le Verrier obtained complete elements 
of a new i)lanet, which would account for the observed 
irregularities in the motion of Uranus, and these were 
published in France. Tiicy were very similar to those of 
Adams, which had been communicated to Professor Chal- 
LIS, the Director of the Observatory of Cambridge, Eng- 
land. 

A search was immediately begun by Challis for such 
an object, and as no star-maps were at hand for this region 
of the sky, he began mapping the surrounding stars. In 
so doing the new planet was actually observed, both on* 
August 4th and 12th, 1846, but the observations remain- 
ing unreduced, and so the planetary nature of the object 
was not recognized. 
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In September of the same year Lb Vebriee wrote to 
Dr. Galle, then Assistant at the Observatory of Berlin, 
asking him to search for the new planet, and directing 
him to the place where it should be found. By the aid 
of an eseellent star-chart of this region, which had just 
been completed, the planet was found September 33d, 1846. 

The strict rights of discovei-y lay with Le Veeriee, 
but the common consent of mankind has always credited 




Adams with an equal share in the honor attached to this 
most brilliant achievement. Indeed, it was only by the 
most unfortunate succession of accidents that the discovery 
did not attach to Adams' researches. One thing must in 
fairness be said, and that is that the results ot Le Vee- 
BiER, which were reached after a moat thorough investi- 
gation of the whole ground, were announced with aa en- 
tire confidence which, perhaps, was lacking in the other 
cafle. 
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This brilliant discovery created more enthnsiasm than 
even the discovery of Uranus, as it was by an exercise of 
far higher qualities that it was achieved. It appeared to 
savor of the marvellous that a mathematician could say 
to a working astronomer that by pointing his telescope to 
a certain small area^ within it should be found a new 
major planet. Yet so it was. 

The general nature of the disturbing force which re- 
vealed the new planet may be seen by Fig. 77, which 
shows the orbits of the two planets, and their respective 
motions between 1781 and 1840. The inner orbit is that 
of Uranus^ihe outer one that of Neptune*- The arrows 
passing from the former to the latter show the directions 
of the attractive force of Nephme. It will be seen that 
the two planets wore in conjunction in the year 1822. 
Since that time Uranus has, by its more rapid motion, 
passed more than 90° beyond Neptune, and will continue 
to increase its distance from the latter until the begin- 
ning of the next century. 

Our knowledge regarding Neptune is mostly confined to 
a few numbers representing the elements of its motion. 
Its mean distance is more than 4,000,000,000 kilometres 
(2,775,000,000 miles); its periodic time is 164.78 years; 
its apparent diameter is 2.6 seconds, corresponding to a 
true diameter of 55,000 kilometres (about 34,000 miles). 
Gravity at its surface is about nine tenths of the correspond- 
ing terrestrial surface gravity. Of its rotation and physical 
condition nothing is known. Its color is a pale greenish 
blue. It is attended by one satellite, which was discovered 
by Mr. JjASSEll, of England, in 1847. The satellite re- 
quires a telescope of twelve inches^ aperture or upward to 
be well seen. 



CHAPTER XL 
THE PHYSICAL CONSTITUTION OF THE PLANTITS. 

It is noteworthy that the eight large planets of the solar 
system, considered with respect to their physical constitu- 
tion as revealed by the telescope and the spectroscope, may 
by divided into four pairs, the planets of each pair having 
considerable similarity ; but the analogies must not be 
pushed too far. 

Mercury and Venus. — Passing outward from the sun, the 
first pair we encounter is Mercury and Venus, The most 
recent observations of Professor Schiaparelli lead to the 
very interesting conclusion that each of these planets re- 
volves once on its axis in about the time required for it to 
make a single revolution around the sun. 

If this is so. Mercury turns once on its axis in 88 days 
and Vemis once in 225 days (see page 199). When the 
surfaces of these planets are examined with the telescope 
they usually appear to be uniformly illuminated and with- 
out permanent spots or markings. Occasional faint shades 
are seen, however, and from the comparison of a long series 
of drawings, the conclusion above given has been drawn. 
If it is correct, each of these planets turns the same face 
to the sun, precisely as the moon constantly turns the 
same face to the earth. 

Mercury has the greatest density of any planet in the 
solar system, while the density Of Venus is less than that 
of the earth. 
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The atmosphere of Venus is considerably more dense 
than that of Mercury, but both atmospheres contain the 
vapor of water, and, in so far, resemble that of the earth. 

When studied with the spectroscope, the spectra of Mer- 
airy and Vemcs do not differ strikingly from that of the 
sun. This would seem to indicate that the atmospheres 
of these planets exert no very decided absorption upon the 
rays of light which pass through them ; or, at least, they 
absorb only the same rays which are absorbed by the at- 
mosphere of the sun and by that of the earth. The one 
point of difference is that the lines of the spectrum pro- 
duced by the absorption of our own atmosphere appear 
darker in the spectrum of Venus. If this were so, it 
would indicate that the atmosphere of Venus is similar in 
constitution to that of our earth, because it absorbs the 
same rays. But the means of measuring the darkness of 
the lines are as yet so imperfect that it is impossible to 
speak with certainty on a point like this. 

The Earth and Mars. — These planets are distinguished 
from all the others in that their visible surfaces are mark- 
ed by permanent features, which show them to be solid, 
and which can be seen from the other heavenly bodies. It 
is true that we cannot study the earth from any other 
body, but we can form a very correct idea how it would 
look if seen in this way (from the moon, for instance). 
Wherever the atmosphere was clear, the outlines of the 
continents and oceans would be visible, while they would 
be invisible where the air was cloudy. 

Now, so far as we can judge from observations made at 
so great a distance, never much less than forty millions of 
miles, the planet Mars presents to our telescopes very 
much the same general appearance that the earth would if 
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observed from an equally great distance. The only ex- 
ception is that ihe visible surface of Mars is seemingly much 
less obscured by clouds than that of the earth would be. In 
other words, that planet has a more sunny sky than ours. 
It is, of course, impossible to say what conditions we might 
find could we take a much closer view of Mars : all we can 
assert is, that so far as we can judge from this distance, 
its surface is like that of the earth- 

This supposed similarity is strengthened by the spectro- 
scopic observations. 

Jupiter and Saturn. — The next pair of planets is Jupi- 
ter and Saturn, Their peculiarity is that no solid crust 
or surface is visible from without. In this respect they 
differ from the earth and Mars, and resemble Mercury 
and Venus. But they differ from the latter in the very 
important point that constant changes can be seen going 
on at their surfaces. The preponderance of evidence is 
in faVor of the view that these planets have no solid 
crusts whatever, but consist of masses of molten matter, 
surrounded by envelopes of vapor constantly rising from 
the interior. 

This view is further strengthened by their very small 
specific gravity, which can be accounted for by supposing 
that the liquid interior is nothing more than a compara- 
tively small central core, and that the greater part of the 
bulk of each planet is composed of vapor of small density. 

That the visible surfaces of Jupiter and Saturn are cov- 
ered by some kind of an atmosphere follows not only from 
the motion of the cloud forms seen there, but from the 
spectroscopic observations. 

Uranus and Neptune. — These planets have a strikingly 
similar aspect when seen through a telescope. They differ 
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from Jupiter and Saturn in that no changes or variations 
of color or aspect can be made out upon their surfaces; 
and from the earth and Mars in tlie absence of any perma- 
nent features. Telescopically, therefore, we might classify 
them with Mercury and Venus, but the spectroscope re- 
veals a constitution entirely different from that of any 
other planets. The most marked featui^es of their spectra 
are very dark bands, evidently produced by the absorption 
of dense atmospheres. Owing to the extreme faintness of 
the light which reaches us from these distant bodies, the 
regular lines of the solar spectrum are entirely invisible in 
their spectra, yet these dark bands which are peculiar to 
them have been seen by several astronomers. 

This classification of the eight planets into pairs is ren- 
dered yet more striking by the fact that it applies to what 
we have been able to discover respecting the rotations 

of these bodies. Mermiry and Venus (probably) make 
one rotation on their axes for every complete revolu- 
tion performed above the sun. The next pair, the earth 
and Mars, have perfectly definite times of rotation, 
because their outer surfaces consist of solid crusts, every 
part of which must rotate in the same time. The next 
pair, Jupiter and Saturn, have well-established times 
of rotation, but these times are not perfectly definite, 
because the surfaces of these planets are not solid, and dif- 
ferent portions of their mass may rotate in slightly different 
times. Jttpiter and Saturn have also in common a very 
rapid rate of rotation. Finally, the outer pair, Uranus 
and Neptune, seem to be surrounded by atmospheres of 
such density that no evidence of rotation can be gathered. 



CHAPTER XIL 
METEORS. 

Phenohena ahd Causes of Met£ob& 

During the present century evidence has been collected 
that countless masses of matter, far too small to be seen 
with the most powerful telescopes, are moving through 
the planetary spaces. This evidence is afforded by the 
phenomena of '^aerolites," ^^ meteors," and "shooting- 
stars." Although these several phenomena have been ob- 
served and noted from time to time since the earliest his- 
toric era, it is only recently that a complete explanation 
has been reached. 

Aerolites. — Reports of the falling of large masses of 
stone or iron to the earth have been familiar to antiqua- 
rian students for many centuries. The problem where 
such a body could come from, or how it could get into the 
atmosphere to fall down again, formerly seemed so nearly 
incapable of solution that it required some credulity to 
admit the facts. When the evidence became so strong as 
to be indisputable, theories of their origin began to be 
propounded. One theory quite fashionable in the early 
part of this century was that they were thrown from 
volcanoes in the moon. This theory has little to sup- 
port it. 

The proof that aerolites did really fall to the ground first became 
conclusive by the fall being connected with other more familiar 
phenomena. Nearly every one who is at all observant of the 
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heavens is familiar with bolides^ or fire-balls — brilliant objects having 
the appearance of rockets, which are occasionally seen moving with 
great velocity through the upper regions of the atmosphere. 
Scarcely a year passes in which such a body of extraordinary bril- 
liancy is not seen. Generally these bodies, bright though they may 
be, vanish without leaving any tmce, or making themselves evident 
to any sense but that of sight. But on rare occasions their appearance 
is followed at an interval of several minutes by loud explosions like 
the discharge of a battery of artillery. The fall of these aerolites is 
always accompanied by light and sound, though the light may be 
invisible in the daytime. 

When chemical analysis was applied to aerolites, they were proved 
to be of extmnmndane origin, because they contained chemical 
combinations not found in terrestrial substances. It is true that they 
contained no new chemical elements, but only a combination of the 
elements which are found on ihe earth. These combinations are 
now so familiar to mineralogists that they can distinguish an aerolite 
from a mineral of terrestrial origin by a careful examination. One 
of the most frequent components of these bodies is iron. 

Meteors. — Although the meteors we have described are of dazzling 
brilliancy, yet they run by insensible gradations into phenomena, 
which any one can see on any clear night. The most brilliant 
meteors of all are likely to be seen by one person only two or three 
times in his life. Meteors having the appearance and brightness of 
a distant rocket may be seen several times a year. Smaller ones 
occur more frequently; and if a careful watch be kept, it will be 
found that several of the faintest class of all, familiarly known as 
shooting-stars^ can be seen on every clear night. We can draw no 
distinction between the most brilliant meteor illuminating the whole 
sky, and perhaps making a noise like thunder, and the faintest 
shooting-star, except one of degree. There seems to be every grada- 
tion between these extremes, so that all should be traced to some 
common cause. 

Cause of Meteors. — There is now no doubt that all these phenomena 
have a common origin, and that they are due to the earth encounter- 
ing innumerable small bodies in its annual course around the sun. 
The great difficulty in connecting meteors with these invisible bodies 
arises from the brilliancy and rapid disappearance of the meteors. 
The question may be asked, Why do they burn with so great an evolu- 
tion of light on reaching our atmosphere? To answer this question 
we must have recourse to the mechanical theory of heat. Heat is a 
vibratoiy motion in the particles of solid bodies and a progressive 
motion in those of gases. By makiur this motion more rapid we 
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make the body warmer. By simply blowing air against any com- 
bustible body with sufficient velocity it can be set on fire, and, if 
incombustible, the body will be made red-hot and finally melted. 
Experiments to determine the degree of temperature thus produced 
have been made which show that a velocity of about 50 metres per 
second corresponds to a rise of temperature of one degree Centi- 
grade. From this the temperature due to any velocity can be readily 
calculated on the principle that the increase of temperature is pro- 
portional to the "energy" of the particles, which again is propor- 
tional to the square of the velocity. Hence a velocity of 500 metres 
per second would correspond to a rise of 100° above the actual tem- 
perature of the air, so that if the latter was at the freezing-point the 
body would be raised to the temperature of boiling water. A velocity 
of 1500 metres per second would produce a red heat. 

The earth moves around the sun with a velocity of about 30,000 
metres per second; consequently if it met a body at rest ihe concus- 
sion between the latter and the atmosphere would correspond to a 
temperature of more than 300,000°. This would instantly dissolve 
any known substance. 

It must be remembered that when we speak of these enormous 
temperatures, we are to consider them as potential, not actual, tem- 
peratures. We do not mean that tlie body is actually raised to a 
temperature of 300,000°, but only that the air acts upon it as if it 
were put into a furnace heated to this temperature; that is, it is 
rapidly destroyed by the intensity of the heat. 

This potential temperature is independent of the density of the 
medium, being the same in the rarest as in the densest atmosphere. 
But the actual effect on the body is not so great in a rare as in a 
dense atmosphere. Every one knows that he can hold his hand 
for some time in air at the temperature of boiling water. The rarer 
the air the higher the temperature the hand would bear without 
injury. In an atmosphere as rare as ours at the heiglit of 50 miles, 
it is probable that the hand could be held for an indefinite period, 
though its temperature should be that of red-hot iron; hence the 
meteor is not consumed so rapidly as if it struck a dense atmosphere 
with planetary velocity. In the latter case it would probably dis- 
appear like a flash of lightning. 

The amount of heat evolved is measured not by that which 
would result from the combustion of the body, but by the vis viva 
(energy of motion) which the body loses in the atmosphere. The 
student of physics knows that motion, when lost, is changed into a 
definite amount of heat. If we calculate the amount of heat which 
is equivalent to the energy of motion of a pebble having a velocity 



268 ASTB0N0M7. 

of 20 miles a second, we shall find it suflicient to raise about 1800 
times tlie pebble's weight of water from the freezing to the boiling 
point. This is many times as much heat as could result from burn- 
ing even the most combustible body. 

The detonation which sometimes accompanies the passage of 
very brilliant meteors is not caused by an explosion of the meteor, 
but by the concussion produced by its rapid motion through our at- 
mosphere. This concussion is of much the same nature as that pro- 
duced by a flash of lightning. The air is suddenly condensed Id 
front of the meteor, while a vacuum is left behind it. 

The invisible bodies which produce meteors in the way just de- 
scribed have been called meteoroids. Meteoric phenomena depend 
very largely upon the nature of the meteoroids, and the direction and 
velocity with which they are moving relatively to the earth. With 
very rare exceptions, they are so small and fusible as to be entirely 
dissipated in the upper regions of the atmosphere. Even of those 
so hard and solid as to produce a brilliant light and the loudest deto- 
nation, only a small proportion reach the earth. On rare occasions 
the body is so hard and massive as to reach the earih without being 
entirely consumed. The potential heat produced by its passage 
through the atmosphere is then all expended in melting and destroy- 
ing its outer layers, the inner nucleus remaining unchanged. When 
such a body first strikes the denser portion of the atmosphere, the 
resistance becomes so great that the body is generally broken to 
pieces. Hence we very often find not simply a single aerolite, but a 
small shower of them. 

Heights of Meteors. — Many observations have been made to deter- 
mine the height at which meteors are seen. This is effected by two 
observers stationing themselves several miles apart and mapping out 
the courses of such meteors as they can observe. In the case of very 
brilliant meteors, the path is often determined with considerable pre- 
cision by the direction in which it is seen by accidental observers in 
various regions of the country over which it passes This observa- 
tion is nothing but a simultaneous determination of the parallax of a 
meteor as seen from two stations. See Fig. 17. 

Meteors and shooting-stars commonly commence to be visible at a 
height of about 160 kilometres, or 100 statute miles. The separate 
results vary widely, but this is a rough mean of them. They 
are generally dissipated at about half this height, and therefore, 
above the highest atmosphere which reflects the rays of the sun. 
From this it may be inferred that the earth's atmosphere rises to a 
height of at least 160 kilometres. This is a much greater height than 
it was formerly supposed to have. 
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Meteoric Showers. 

As already stated, the phenomena of shooting-stars may 
be seen by a careful observer on almost any clear night. 
In general, not more than three or four of them will be 
seen in an hour, and these will be so minute as hardly to 
attract notice. But they sometimes fall in such numbers 
as to present the appearance of a meteoric shower. On 
rare occasions the shower has been so striking as to fill the 
beholders with terror. The ancient and mediaeval records 
contain many accounts of these phenomena which have been 
brought to light through the researches of antiquarians. 

It has long been known that some showers of this class 
occur at an interval of about a third of a century. One 
was observed by Humboldt, on the Andes, on the night of 
November 12th, 1799, lasting from two o'clock until day- 
light. A great shower was seen in this country in 1833, 
and is well known to have struck the negroes of the 
Southern States with terror. The theory that the showers 
occur at intervals of 34 years was propounded by Olbers, 
who predicted a return of the shower in 1867. This pre- 
diction was completely fulfilled, but instead of appearing 
in the year 1867 only, it was first noticed in 1866. On the 
night of November 13tli of that year a remarkable shower 
was seen in Europe, while on the corresponding night of 
the year following it was again seen in this country, and, 
in fact, was repeated for two or three years, gradually dy- 
ing away. 

The occurrence of a shower of meteors evidently shows 
that the earth encounters a swarm of meteoroids. The re- 
currence at the same time of the year, when the earth is 
in the same point of its orbit, shows that the earth meets 
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the swarm at the same point in successive years. All the 
meteoroids of tlie swarm must of course be moving in the 
same direction, else they would soon be widely scattered. 
This motion is connected with the radiant pointy a well- 
marked feature of a meteoric shower. 

Radiant Point. — Suppose that, during a meteoric shower, we mark 
the path of each meteor on a star-map, as in the figure. If we con- 
tinue the paths backward in a straight line, we. shall find that they 
all meet near one and the same point of the celestial sphere; that i8» 
they move as if they all radiated from this point. The latter is, 
therefore, called the radiant point. In the figure the lines do not aU 
pass accurately through the same point. This is owing to the un- 
avoidable errors made in marking out the path. 

It is found that tlie nidiant point is always in the same positioii 
among the stars, wherever tlie observer may be situated, and that 
a^ tlie stars apparently move toward the west, the radiant point nio9e» 
with tJiem. 

The radiant point is due to the fact that the meteoroids wUoh 
strike the earth during a shower are all moving in the same direc- 
tion. Their motions will all be parallel; hence when the bodies 
strike our atmosphere the paths described by them in their paange 
will all be parallel straight lines. A straight line seen by an ob- 
server at any point is projected as a great circle of the celestial 
sphere, of which the observer supposes himself to be the centre. If 
we draw a line from the observer parallel to the paths of the meteors^ 
the direction of that line will represent a point of the sphere throng 
which all the paths will seem to pass; this will, therefore, be the 
radiant point in a meteoric shower. 

Orbits of Meteoric Showers. — From what has just been said it will 
be seen that the position of the radiant point indicates the dik'teUon 
in which the meteoroids move relatively to the earth. If we also 
knew the velocity with which they are really moving in space, we 
could make allowance for the motion of the earth, and thus deter- 
mine the direction of tdeir actual motion in space. If we know thli^ 
it is possible to calculate the actual direction and velocity of the 
meteoric swarm in space. Having this direction and velocity, the 
orbit of the swarm around the sun admits of being calculated. 

Eelations of Meteors and Comets. — The velocity of the 
meteoroids does not admit of being determined from obser- 



Tstion. One element necessary for determining the orbits 
of these tx>die6 is, therefore, wanting. In the case of the 




showers of 1799, 1833, and 1866, commonly called the 
November showers, this element is given bj the time of 
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reyolution around the sun. Since the showers occur at 
intervals of about a third of a century, it is highly proba- 
ble this is the periodic time of the swarm around the sun. 
The periodic time being known, the velocity at any dis- 
tance from the sun admits of calculation from the theory 
of gravitation. Thus we have all the data for determining 
the real orbits of the group of meteors around the sun. 

The calculations necessary for this purpose were made 
by Le Verrier and other astronomers shortly after the 
great shower of 1866. The following was the orbit as 

given by Le Verrier : 

.f 

Period of revolution 83.26 years. 

Ecceutricity of orbit , 0.9044. 

Least distance from the sun 0.9890. 

Inclination of orbit 165° 1.9'. 

Longitude of the node 51° 18'. 

Position of the perihelion (near the node). 

The publication of this orbit brought to the attention of 
the world an extraordinary coincidence which had never 
before been suspected. In December, 1865, a faint tele- 
scopic comet was discovered. Its orbit was calculated as 
follows : 

Period of revolution . . ; 38.18 years. 

Eccentricity of orbit 0.9054. 

Least distance from the sun 0.9765. 

Inclination of orbit 162° 43'. 

Longitude of the node 51° 26*. 

Longitude of the perihelion 42" 24'. 

The publication of the cometary orbit and that of the 
orbit of the meteoric group were made independently with- 
in a few days of each other by two astronomers, neither of 
whom had any knowledge of the work of the other. Com- 
naring them, the result is evident. The swarms of meteor* 



METEORS, 273 

oids which cause the November showers move in the same 
orbit with this comet. 

The comet passed its perihelion in January, 1866. The 
most striking meteoric shower commenced in the following 
November, and was repeated during several years. It 
seems, therefore, that the meteoroids which produce these 
showers follow after Tempel's comet, moving in the same 
orbit with it. This shows a curious relation between 
comets and meteors, of which we shall speak more fully in 
the next chapter. When this fact was brought out, the 
question naturally arose whether the same thing might not 
be true of other meteoric showers. 

Other Showers of Meteors. — Although the November 
showers (which occur about November 14) are the only 
ones so brilliant as to strike the ordinary eye, it has long 
been known that there are other nights of the year (nota- 
bly August 10) in which more shooting-stars than usual 
are seen, and in which the large majority radiate from one 
point of the heavens. This shows conclusively that they 
arise from swarms of meteoroids moving together around 
the sun. 

The Zodiacal Light. — If we observe the western sky during the 
winter or spring months, about the end of the evening twilight, we 
shall sec a stream of faint light, a little like the Milky Way, rising 
obliquely from the west, and directed along the ecliptic toward a 
point south-west from the zenith. This is called the zodiacal light. 
It may also be seen in the east before daylight in the morning during 
the autumn months, and has sometimes been traced all the way 
across the heavens. Its origin is still involved in obscurity, but it 
seems probable that it arises from an extremely thin cloud either of 
meteoroids or of semi-gaseous matter like that composing the tail of 
a comet, spread all around the sun inside the earth's orbit. Its 
spectrum is probably that of reflected sunlight, a result which gives 
color to the theory that it arises from a cloud of meteoroids revolv- 
ing round the sun. 



CHAPTEE XIIL 
COMETS. 

Aspect of Comets. 

Comets are distiDguished from the planets both by their 
aspects and their motions. They come into view without 
anything to herald their approach, continue in sight for a 
few weeks or months, and then gradually yanish in the 
distance. They are commonly considered as composed of 
three parts: the nucleus, the coma (or hair), and the tail. 

The nucleus of a comet is, to the naked eye, a point of 
light resembling a star or planet. Viewed in a telescope, 
it generally has a small disk, but shades off so gradually 
that it is difficult to estimate its magnitude. In large 
comets it is sometimes several hundred miles in diameter. 

The nucleus is always surrounded by a mass of foggy 
light, which is called the coma. To the naked eye the 
nucleus and coma together look like a star seen through a 
mass of thin fog, which surrounds it with a sort of halo. 
The nucleus and coma together are generally called the 
head of the comet. 

The tail of the comet is simply a continuation of the 
coma, extending out to a great distance, and usually di« 
rected away from the sun. It has the -appearance of a 
stream of milky light, which gi'ows fainter and broader 
as it recedes from the head. Like the coma it shades off 
so gradually that it is impossible to fix any boundaries to 
it. The length of the tail varies from 2° or 3° to 90** or 
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more. Generally the more brilliant the head of the comet, 
the longer and brighter is the tail. 

The above description applies to comets which can be 
plainly seen by the naked oyc. Half a dozen telescopic 
comets may be discovered in a single year, while one of the 
brighter class may not be seen for ten years or more. 

When comets are studied with a telescope, it is found 
that they are subject to extraordinary changes of stmcture. 
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To understand these changes, we must begin by saying that 
comets do not, like the planets, revolve ai-ound the sun in 
nearly circular orbits, but always in orbits so elongated 
that the comet is visible in only a very small part of its 
course. See page 278, Fig. 82.) 

The Vafobous EmrELOPm 

If a comet is very small, it may undergo no cbimges of aspect 
during its eiitire course. If it is an unusually bright one, a bow 
xunounding tlie nucleus on the side toward the sun will develop 
aa the comet approaclies the sun. This bow will gradually rise up 
and spread out on all sides, finally assuming the form of a semi- 
circle having the nucleus in its centre, or, to speak with more pre- 
ciaioD, the form of a parabola having the nucleus near its focus. 
The two ends of Ihia parabola will extend out further and furtbei 
so as to form a. part of the tail, and fliiallf be lost in it. Other bow* 
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will successively form around the nucleus, all slnwlj rising from tt 
like clouds o( vapor. Tlicse distinct vaporous masseB ore called the 
entelapa ; tbey sLade of! gradually Into the coma so as to be with 
difflcuUy distinguished from it, and indeed miiy be considered ns part 
of it. Tlieae appearancea are apparently caused hy mBBses of vapor 
streaming up from tliat side oF the nuckus nearest tlie sun, and grad- 
ually spreading mound ihe comet on each side. The form of K bow 
Is not the real form of the envelopes, but only the apparent one In 
which we see them jirojected against the background of the akjr. 
Perhaps their forms can be best imagined by supposing the sua to 
be directly above llie comet, and a founlaiii, throwing a liquid hori- 
zontally an all sides, to be built upon that part of the comet which 
Is uppermoBt. Such n tounlain would throw iis water in the form 
of ft sheet, falling on alt sidee of the comelic nucleus, but not touchi- 
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ing it. Two or three vnpor aurfaces of this kind are sometimes seen 

around the comet, tbe outtr one encloBing each of the inner one^ 
but no two touching eucli other. 

Tee Fhtbical Cohbtitutiok of CoKExa 

To tell exactly what a comet is, we should be able In show how all 
Ihe phenomena it presents would follow from the properties of mat- 
ter, as we learn them at tbe surface of the earth. This, howtver, no 
one has been able to do, many of the phenomena being sucii na we 
should not expect from the known conslilution of mailer. All we 
can do. tlicrcrore, ia to present the principal characteristics of comets, 
as shown hy oluwrvalinn, and to explain what is warning to rcconclla 
these characteristics with tiie known properties of matter. 

In the first place, all comcln which have been exiiniincd with the 
spcclrOiJCOpe sbow a speclnim composed, in part at leriat. of bright 
lines or bands. The positiuns and characters of these buDda leave no 
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doubt that carbon, hydrogen, and nitrogen, and probably oxygen are 
present in the cometary matter. More than twenty comets have been 
examined since the invention of the spectroscope and all agree in 
giving the same evidence. In some recent comets sodium has also 
been discovered. 

In the last chapter it was shown that swarms of minute particles 
called meteoroids follow certain comets in their orbits. This is no 
doubt true of all comets. We can only regard these meteoroids as 
fragments or debris of the comet. On this theory a telescopic comet 
which has no nucleus is simply a cloud of these minute bodies. The 
nucleus of the brighter comets may either be a more condensed mass 
of such bodies or it may be a solid or liquid body itself. 

If the reader has any difficulty in reconciling this theory of de- 
tached particles with the view already presented, that the envelopes 
from wliichthe tail of the comet is formed consist of layers of v.npor, 
he must remember that vaporous masses, such as clouds, fog. and 
smoke, are really composed of minute separate particles of water or 
carbon. 

Formation of the Gomet'B Tail. — The tail of the comet is not a per- 
manent appendage, but is composed of the masses of vapor which 
we have already described as ascending from the nucleus, and after- 
ward moving away from the sun. The tail which we see on one 
evening is not absolutely the same we saw the evening before, a por- 
tion of the latter having been dissipated, while new matter has taken 
its place, as with the stream of smoke from a steamship. The 
motion of the vaporous matter which forms the tail being always 
away from the sun, tiiere seems to be a repulsive force exerted by 
the sun upon it. The form of the comef s tail, on the supposition 
that it is composed of matter driven away from the sun with a uni- 
formly accelerated velocity, has been several times investigated, and 
found to represent the observed form of the tail so nearly as to 
leave little doubt of its correctness. We may, therefore, regard it as 
an observed fact that the vapor which rises from the nucleus of the 
comet is repelled by the sun instead of being attracted toward it, as 
larger masses of matter are. 

No adequate explanation of this repulsive force has ever beeq 
given. It is probably electrical. 

Motions oe Cohets. 

previous to the time of Newton, no certain knowledge respecting 
the actual motions of comets in the heavens had been acquired, ex- 
cept that they did not move around the sun in ellipses like the planets 



378 A8TE0S0MT. 

When Newtok iDveetigftted the mathematiciil results of the theoi7 
of graTitalloD, he found tliAt a. bod; moving under the attraction of 
the sua might describe either of tlie three coaic sectionB, the ellipse, 
partibolu, or hyperbola. Bodies moving io an ellipse, as the planets, 
would complete tbeir orbits at regular iDtervais of time, according 
to laws already laid down. But if the body moved in a parsbola or 
an liypcrbolH. it -would never return to the sua after once passing it, 
but would move off to inSuity. It was, therefore, -verj natural to 
conclude that comets miglit be bodies which resemble the planets In 
moving under the sun's attraction, but which, instead of descril^ng 




an ellipse in regular periods, like tlie planets, i 
hyperbolic orbits, and therefore only approach the si 
during their whole existence. 

This tlieory is now known to be essentially true for most of tha 
observed comets. A few are indeed found to be revolving around 
the sun in elliptic orbits, which differ from those of the planets onlj 
in being much more eccentric. But the greater number which hnvs 
been observed have receded from the sun in orbits which we are tm- 
attle to dlELingulsU from parabolas, though it is possible they may bs 
eziremcly elongated ellipses. Cornels are therefore diTi4ed wW ra. 



spccl to their motions Inio two classea: (Xiperiodie eoraett, which are 
koowu to move in ellipiic orbits, and to return to tlie sun at fixed in- 
tervals; and (S) paraboiie eomeU, apparenlly moving in purnlwlas, 

Tlie flrel discovery of tlie periodicity of a comet was nindc by Hai^ 
LKsin connection with Ihegn-at comet of 1882. Exflmiriup tlie records 
of past observations, be f.iund. tliat a comet nioviug iii nearly the 
same orbit with that of 16^^ had been seen in 1607, and sLill another 
in 1531. He was therefore led to the conciuaion that these three 
cornels were really one and the same object, retumintf (o the snn at 
iiHervHls of about 75 or 76 years. He tlii-reforc iireclicKil Ihnt It 
would appear again about the year 1758. The comet was fiist seen 




Tio. 83.— 0>BIT OF HiUiVr'B Cohzt. 



on Christmaa-day, 1758, and passed its perihelion Harcli 13th, 17BB, 
only one month before the predicted time. At present it is possible 
to predict the pluccs of some of ttie best knowD periodic comets 
almost as accurately as the positions of the planets. 

We give a figure showing Ibe posiLion of the orbil of Halixt's 
comet relative to the orbits of the four outer planets. It attained it* 
greatest distance from tlie sun, far beyond the orbit of Neptune, 
about the year 1873, and then commenced its return Journey. The 
figure sliows the position of the comet in 1874. It was then far be- 
yond the reach of the moat powerful telescope, but its distance and 
direction admit of being calculated with so much precision thai a 
telescope could be pointed at it at any required noroent. 
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Bekaskable Coketb. 

It is familiarly known that bright comets were in formet 
years objects of great terror, being eiipposed to presage 
the fall of empires, the death of monarchs, the approach 
of earthquakes, wars, pestilence, and every other calamitjr 
which could afflict mankind. In showing the entire 
groundlesBiiesa of audi fears, science baa rendered one of 
its greatest bonefits to mankind. 

In 1450 tho -comet known as Hallet's, appearing 
when the Turks were making war on Christendom, caused 




fluch terror that Pope Calixtus ordered prayers to be 
offered in the churches for protection against it. This 
is siipposed to he the origin of the popular myth thst the 
Pope once issned a bull against the comet. 

The number of comets visible to the naked eye, so far aa 
recorded, has generally ranged from twenty to forty in a 
centnry. Only a small portion of these, however, haTB 
been so bright as to excite universal notice. 

Comet of 1680.— One of the most remarkable of these 
brilliant comets ia that of 1680. It inspired such terror 
thnt a medal, of which we present a figure, was stmok 
upon the Continent of Europe to quiet appreheDsion. A 
free translation of the inscription is : " The star tbreateos 
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evil things ; trust only 1 God will turn them to good/' * 
What makes this comet especially remarkable in history 
is that Newton calculated its orbit, and showed that it 
moved around the sun in a conic section, in obedience to 
the law of gravitation. 

Great Comet of 1811. — It has a period of over 3000 
years, and its aphelion distance is about 40,000,000,000 
miles. 

Great Comet of 1843. — One of the most brilliant comets 
which have appeared during the present century was that 
of February, 1843. It was visible in full daylight close/ to 
the sun. Considerable terror was caused in some quar- 
ters lest it might presage the end of the world, which had 
!;een predicted for that year by Miller. At perihelion it 
passed nearer the sun than any other body has ever been 
known to pass, the least distance being only about one 
fifth of the sun's semidiameter. With a very slight 
change of its original motion, it would have actually fallen 
into the sun. 

Great Comet of 1858. — Another comet remarkable for 
the length of time it remained visible was that of 1868. 
It is frequently called after the name of Donati, its first 
discoverer. No comet visiting our neighborhood in recent 
times has afforded so favorable an opportunity for study- 
ing its physical constitution. Its greatest brilliancy 
occurred about the beginning of October, when its tail was 
40° in length and 10** in breadth at its outer end. Its period 
is 1950 years. 

■*■■ — — -.^ ^ 

* The student should notice the care which the author of the in- 
scription has taken to make it consolatory, to make it rhyme, and 
to give implicitly the year of the comet by writing certain Roman 
numerals larger than the other letters. 
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Great Comet of 1882.— This comet is one of a family of 
bright comets revolving in the same path in space. To 
this family the great comets of 1106 (?), 1843, 1880, and 
1882 probably belong. 

Encke'8 Comet and the Eesisting Medium.— Of telescopic comets, 
that wbicli lias beeu most investigated by astronomers is known as 
Enckk's comet. Its period is between three and four years. Viewed 
with a telescope, it is not different in any respect from other tele- 
scopic comets, appearing simply as a mass of foggy light, somewhat 
brighter near one side. Under the most favorable circumstances, it 
is just visible to the naked eye. The circumstance which has lent 
most interest to this comet is that the observations which have been 
made upon it seem to indicate that it is gradually approaching the 
sun. Encke attributed this change in its orbit to the existence in 
space of a resisting medium, so rare as to have no appreciable effect 
upon the motion of the planets, and to be felt only by bodies of ex- 
treme tenuity, like the telescopic comets. The approach of the 
comet to the sun is shown, not by direct observation, but only by a 
gradual diminution of the period of revolution. It will be many 
centuries before thif period would be so far diminished that the 
comet would actually touch the sun. 

If the change in the period of this comet were actually due to the 
cause which Encke supposed, then other faint comets of the same 
kind ought to be subject to a similar influence. But the investiga- 
tions which have been made in recent times on these bodies show no 
deviation of the kind. It might, therefore, be concluded that the 
change in the period of Encke'b comet must be due to some other 
cause. There is, however, one circumstance which leaves us in 
doubt. Encke'b comet passes nearer the sun than any other comet 
of short period which has been observed with sufficient care to de- 
cide the question. It may, therefore, be supposed that the resisting 
medium, whatever it may be, is densest near the sun, and does not 
extend out far enough for the other comets to meet it. The question 
is one very difficult to settle. The fact is that all comets exhibit 
slight anomalies in their motions which prevent us from deducing 
conclusions from them witli the same certainty that we should from 
those of the planets. One of the chief difficulties in investigating 
the orbits of comets with all rigor is due to the difficulty of obtaining 
accurate positions of the centre of so ill-dcHued an object as the 
nucleus. 



PART in. 

THE UNIVERSE AT LARGE. 



INTRODUCTION. 



In our studies of the heavenly bodies, we have hitherto 
been occupied almost entirely with those of the solar sys- 
tem. Although this system comprises the bodies which 
are most important to us, yet they form only an insignifi- 
cant part of creation. Besides the earth on which we 
dwell, only seven of the bodies of the solar system are 
plainly visible to the naked eye, whereas some 2000 stars 
or more can be seen on any clear night. 

The material universe, as revealed by the telescope, con- 
sists principally of shining bodies, many millions in num- 
ber, a few of the nearest and brightest of which are visible 
to the naked eye as stars. They extend out as far as the 
most powerful telescope can penetrate, and no one knows 
how much farther. Our sun is simply one of these stars, 
and does not, so far as we know, differ from its fellows in any 
essential characteristic. From the most careful estimates, 
it is rather less bright than the average of the nearer stars, 
and overpowers therti by its brilliancy only because it is so 
much nearer to us. 

The distance of the stars from each other, and therefore 
from the sun, is immensely greater than any of the dis- 
tances which we have hitherto had to consider in the solar 
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system. In fact^ the nearest known star is abont seven 
thousand times as far as the planet Neptune. If we sup- 
pose the orbit of this planet to be represented by a child's 
hoop, the nearest star wonld be three or four miles away. 
We have no reason to suppose that contignons stars are, on 
the average, nearer than this, except in special cases where 
they are collected together in clusters. 

The total number of th&fitars is estimated by millions, and 
they are probably separated by these wide intervals. It 
follows that, in going from the sun to the nearest star, we 
would be simply taking one step in the universe. The 
most distant stars visible in great telescopes are probably 
several thousand times more distant than the nearest one, 
and we do not know what may lie beyond. 

The point we wish principally to impress on the reader 
in this connection is that, although the stars and planets pre- 
sent to the naked eye so great a similarity in appearance, 
there is the greatest possible diversity in their distances 
and characters. The planets, though many millions of 
miles away, are comparatively near us, and form a little 
family by themselves, which is called the solar system. 
The fixed stars are at distances incomparably greater — the 
nearest star being thousands of times more distant than 
the farthest planet. The planets are, so far as we can see, 
worlds somewhat like this on which we live, while the stars 
are suns, generally larger and brighter than our own. 
Each star may, for aught we know, have planets revolving 
around it, but their distance is so immense that the largest 
planets will remain invisible with the most powerful telen 
scopes man can ever hope to construct. 

The classification of the heavenly bodies thus leads ns to 
this curious conclusion. Our sun is one of the fomily of 



THE vmvBnaB at large, 287 

stars, the other members of which stud the heavens at 
niglit, or, in other words, the stars are suns like that which 
makes the day. The planets, though they look like stars, 
are not such, but bodies more like the earth. 

The great universe of stars, including the creation in its 
largest extent, is called the stellar system, or stellar 
universe. We have first to consider how it looks to the 
naked eye. 



CHAPTER L 

CONSTELLATIONa 

Oenebal Aspect of the HEAVEira •. 

When we view the heavens with the unassisted eye, the 
stars appear to be scattered nearly at random over the 
surface of the celestial vault. The only deviation from an 
entirely random distribution which can be noticed is a cer- 
tain grouping of the brighter ones into constellations. 
A few stars are comparatively much brighter than the rest, 
and there is every gradation of brilliancy, from that of 
the brightest to those which are barely visible. We also 
notice at a glance that the fainter stars outnumber the 
bright ones; so that if we divide the stars into classes ac- 
cording to their brilliancy, the fainter classes will contain 
the most stars. 

The total number one can see will depend very largely 
upon the clearness of the atmosphere and the keenness of 
tlie eye. There are in the whole celestial sphere about 
6000 stars visible to an ordinarily good eye. Of these, 
however, we can never see more than a fraction at any 
one time, because one half of the sphere is always below the 
horizon. If we could see a star in the horizon as easily as 
in the zenith, one half of the whole number, or 3000, would 
be visible on any clear night. But stars near the horizon 
are seen through so great a thickness of atmosphere as 
greatly to obscure their light; consequently only the 
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brightest ones can there be seen. As a result of this ob- 
scuration, it is not likely that more than 2000 stars can 
ever be taken in at a single view by any ordinary eye. 
About 2000 other stars are so near the south pole 
that they never rise in our latitudes. Hence out of the 
6000 supposed to be visible, only 4000 ever come within 
the range of our vision, unless we make a journey toward 
the equator. 

The Galaxy. — Another feature of the heavens, which is 
less striking than the stars, but has been noticed from 
the earliest times, is the Galaxy, or Milky Way, This 
object consists of a magnificent stream or belt of white 
milky light 10° or 15° in breadth, extending obliquely 
around the celestial sphere. During the spring months it 
nearly coincides with our horizon in the early evening, 
but it can readily be seen at all other times of the year 
spanning the heavens like an arch. It is for a portion of 
its length split longitudinally into two parts, which remain 
separate through many degrees, and are finally united 
again. The student will obtain a better idea of it by 
actual examination than from any description. He will 
see that its irregularities of form and lustre are such that 
in some places it looks like a mass of brilliant clouds. 

Lucid and Telescopic Stars. — When we view the heavens 
with a telescope, we find that there are innumerable stars 
too small to be seen by the naked eye. We may there- 
fore divide the stars, with respect to brightness, into two 
great classes. 

Lucid Stars are those which are visible without a tele- 
scope. 

Telescopic Stars are those which are not so visible. 

When Galileo first directed his telescope to the heav- 
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ens, about the year 1610^ he perceived that the Milky 
Way was composed of stars too faint to be individually 
seen by the unaided eye. We thus have the interesting 
fact that although telescopic stars cannot be seen one by 
one, yet in the region of the Milky Way they are so namer- 
ous that they shine in masses like brilliant clouds. Hut- 
QHENS in 1656 resolved a large portion of the Galaxy into 
stars, and concluded that it was composed entirely of them* 
Kepler considered it to be a vast ring of stars surround 
ing the solar system, and remarked that the sun mnst be 
situated near the centre of the ring. This view agrees 
very well with the one now received, only that the stars 
which form the Milky Way, instead of lying around the 
solar system, are at a distance so vast as to elude all our 
powers of calculation. 

Such are in brief the more salient phenomena which 
are presented to an observer of the starry heavens. We 
shall now consider how these phenomena have been clas- 
sified by an arrangement of the stars according to their 
brilliancy and their situation. 

MAGNITimES OF THE SXABS. 

In ancient times the stars were arbitrarily classified into fliz 
orders of magnitude. The fourteen brightest visible in our lati- 
tude were designated as of the fii*st magnitude, while those which 
were barely visible to the naked eye were said to be of the sixth 
magnitude. Tliis classification, it will be noticed, is entirely arbi- 
trary, since there are no two stars which are absolutely of the same 
brightness; that is, if all the stars were arranged in the order of 
their actual brilliancy, we should find a regular gradation from the 
brightest to the faintest, no two being precisely the same. There- 
fore the brightest star of any one magnitude is about of the same 
brilliancy with the faintest one of the next higher magnitude. Be- 
tween the north pole and 35° south declination there ore: 
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14 stars of the first magnitude. 



48 






second 




152 






third 




313 






fourth 




854 






fifth 




3974 






sixth 





5355 of the first six magnitudes. 

Of these, however, nearly 2000 of the sixth magnitude are so faint 
that they can be seen only by an eye of extraordinary keenness. A 
star of the second magnitude is four tenths as bright as one of the 
first; one of the third is four tenths as bright as one of the second, 
and so on. 



The Constellations and Names of the STAsa 

The earliest astronomers divided the stars into groups, 
called constellations, and gave special proper names both 
to these groups and to many of the more conspicuous 
stars. 

We have evidence that more than 3000 years before the commence- 
ment of the Christiau chronology the star Sinus, the brightest in the 
heavens, was known to the Egyptians uuder the name of JSothis, 
The seven stars of the Great Bear, so conspicuous in our northern 
sky, were known uuder that name to Homer and Hesiod, as well as 
the group of the Pleiades, or Seven Stars, and the constellation of 
Orion. ludeed, it would seem that all the earlier civilized nations, 
Egyptians, Chinese, Greeks, and Hindoos, had some arbitrary divi- 
sion of the surface of the heavens into irregular and often fantastic 
shapes, which were distinguished by names. 

In early times the names of heroes and animals were given to the 
constellations, and these designations have come down to the present 
day. Each object was supposed to be painted on the surface of the 
heavens, and the stars were designated by their position upon some 
portion of the object. The ancient and mediaeval astronomers would 
speak of " the bright star in the left foot of Orion" ** the eye of the 
Bull/' " the heart of the Lion/* " the head of Perseus/* etc. These 
figures are still retained upon some star-charts, and are useful where 
it is desired to compare the older descriptions of the constellations 
with our modem maps. Otherwise they have ceased to serve any 
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purpose, and are not generally found on maps designed for purely 
astronomical uses. 

The Arabians, who used this clumsy way of designating gtan, 
gave special names to a large number of the brighter ones. Some of 
these names are in common use at the present time, as Ald^Mran, 
Fomalhaut, etc. 

In 1654 Batbr, of Germany, mapped down the constellations 
upon charts, designating the brighter stars of each constellation by 
the letters of the Greek alphabet. When this alphabet was exhaust- 
ed he introduced the letters of the Roman alphabet. In general, the 
brightest star was designated by the first letter of the alphabet, a, 
the next by the following letter, jS, etc. 

On this system, a star is designated by a certain Greek letter, fol- 
lowed by the genitive of the Latin name of the constellation to which 
it belongs. For example, a Ganis Majoris, or, in English, a of the 
Great Dog, is the designation of Siiius, the brightest star in the 
heavens. The seven stars of the Great Bear are called a Ursa Ma- 
joriSy p UrscB Majons, etc. Arctarua is a Bootis. The reader "will 
here see a resembhmce to our way of designating individuals by a 
Christian name followed by the family name. The Greek letters 
furnish the Christian names of the separate stars, while the name of 
the constellation is that of the family. As there are only fifty letters 
in the two alphabets used by Bayer, it will be seen that only the 
fifty brightest stars in each constellation could be designated by this 
method. 

When by the aid of Ihe telescope many more stars than these were 
laid down, some other method of denoting them became necessary. 
Flamsteed, who observed before and after 1700, prepared an ex- 
tensive catalogue of stars, in which those of each constellation were 
designated by numbers in the order of right ascension. These nunu 
hers were entirely independent of the designations of Baybbt — that 
is, he did not omit the Bayer stars from his system of numbers, but 
numbered them as if they had no Greek letter. Hence those stars to 
which Bayer applied letters have two designations, the number and 
the letter. The fainter stars are designated either by their R A, and 
8y or by their numbers in some catalogue of stars. 

Ntjmbeeing and Catalogtoko the SXABa 

As telescopic power is increased, we still find stars of fainter and 
fainter light. But the number cannot go on increasing forerer in 
the same ratio as with the brighter magnitudes, because, if it did, 
the whole sky would be a blaze of stailight. 
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If telescopes with powers far exceeding our present ones were 
made, they would no doubt show new stars of the 20th and 21st 
magnitudes. But it is highly probable that the number of such suc- 
cessive orders of stars would not increase in the same ratio as is ob- 
served in the 8th, 9th, and 10th magnitudes, for example. The 
enormous labor of estimating the number of stars of such classes will 
long prevent the accumulation of statistics on this question; but this 
much is certain, that in special regions of the sky, which have been 
searchingly examined by various telescopes of successively increas- 
ing apertures, the number of new stars found is by no means in pro- 
portion to the increased instrumental power. If this is found to be 
true elsewhere, the conclusion may be that, after all, the stellar sys- 
tem can be experimentally shown to be of finite extent, or to con- 
tain only a finite number of stars, rather. 

We have already stated that in the whole sky an eye of average 
power will see about 6000 stars. With a telescope this number is 
greatly increased, and the most powerful telescopes of modern times 
will probably show more than 60,000,000 stars. As no trustworthy 
estimate has ever been made, there is great uncertainty upon this 
point, and the actual number may range anywhere between 
40.000,000 to 100,000.000. Of this number, not one out of twenty 
has ever been catalogued at all. 

The southern sky has many more stars of the first seven magni- 
tudes than the northern, and the zones immediately north and south 
of the equator, although greater in surface than any others of the 
same width in declination, are absolutely poofer in such stars. 

This will be much better understood by consulting the graphical 
representation on page 294. On this chart are laid down all the stars 
of the British Association Catalogue (a dot for each star), and beside 
these the Milky Way is represented. The relative richness of the 
various zones can be at once ^een. 

The distribution and number of the brighter stars (1st to 7th magni- 
tude) can be well understood from this chart. 

In Akgelander's Durchmusterung of the stars of the northern 
heavens there are recorded as belonging to the northern hemisphere: 

10 stars between the 1.0 magnitude and the 1.9 magnitude. 

37 '* •' 2.0 " " 2.9 

128 ** ** 3.0 " ** 3.9 

310 •* " 4.0 " " 4.9 

1,016 ** " 5.0 " " 6.9 

4,328 " " 6.0 " " 6.9 

13,593 ** " 7.0 " " 7.9 

57,960 " " 8.0 ** '* 8.9 

237,544 " " 9.0 " " 9.5 
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In all 314,926 stars from the first to the 9.5 magnitudes are enu- 
merated in the northern sky, so that there are about 600,000 in the 
whole heavens. 

We may readily compute the amount of light received by the earth 
on a clear but moonless night from these stars. Let us assume that 
the brightness of an average star of the first magnitude is about 0.5 
of that of a LyroB, A star of the 2d magnitude will shine with a 
light expressed by 0.5 X 0.4 = 0.20, and so on. (See p. 291.) 

The total brightness of 10 1st magnitude stars is 5.0 

37 2d •* •* 7.4 

128 3d ** " 10.2 

" ** 310 4th *• " 9.9 

1.016 5th " " 13.0 

4.328 6th ** " 22.1 

13,593 7th " " 27.8 

57,960 8th *• «« 47.4 



Sum = 142.8 

It thus appears that from the stars to the 8th magnitude, indusive, 
we receive 143 times as much light as from a Lyra, a Lyra has 
been determined by Z5llner to be about 44,000,000,000 times fainter 
than the sun, so that the proportion of starlight to sunlight can be 
computed. It also appears that the stars of magnitudes too high to 
allow them to be individually visible to the naked eye are yet so 
numerous as to affect the general brightness of the sky more than 
the so-called lucid stars (1st to 6th magnitude). The sum of the last 
two numbers of the table is greater than the sum of all the others. 

Note. — At the end of this book two Star Maps (with 
explanations) are given, by means of which the constella- 
tions and principal stars can be identified. The larger 
map is copied from Bruhns^ excellent '^ Atlas der Astron- 
omic^' (Brockhaus, Leipzig, 1872). 

Note. — Maps of the stars down to the 14th or 15th magni- 
tude are now made by photography, using special telescopes 
and long exposures (two or three hours). Complete maps 
of this will throw a flood of light on the distribution and 
arrangement of the constituent stars of the Stellar Universe, 



CHAPTER 11. 
VARIABLE AND TEMPORARY STARS. 

Stabs EEeuLAEiY Vabiable. 

All stars do not shine with a constant light. Since the 
middle of the seventeenth century, stars variable in bril- 
liancy have been known. The period of a variable star 
means the interval of time in which it goes through all its 
changes, and returns to its original brilliancy. 

The most noted variable stars are Mint Ceti (o Ceti) and 
Algol {/3 Fersei). Mira api)ears about twelve times in 
eleven years, and remains at its greatest brightness (some- 
times as high as the 2d magnitude, sometimes not above 
the 4th) for some time, then gradually decreases for about 
74 days, until it becomes invisible to the naked eye, and so 
remains for about five or six months. From the time of 
its reappearance as a lucid star till the time of its maximum 
is about 43 days. The mean period, or the interval from 
minimum to minimum, is about 333 days, but this period 
varies greatly. The brilliancy of the star at the maxima 
also varies. 

Algol has been known as a variable star since 16G7. 
This star is commonly of the 2d magnitude; after remain- 
ing so about 2J days, it fulls to 4°^ in the short time of 
4^ hours, and remains of 4°" for 20 minutes. It then com- 
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mences to increase in brilliancy, and in another 3^ hours it 
is again of the 2d magnitude, at which point it remains for 
the rest of its period, about 2^ 12^. 

These two examples ctf the class of variable stars give a 
rough idea of the extraordinary nature of the phenomena 
they present. A closer examination of others discloses 
minor variations of great complexity and apparently with- 
out law. 

About 160 variable stars are well known, and as many 
more are suspected to vary. In nearly all cases the mean 
period can be fairly well determined, though anomalies of 
various kinds frequently appear. The principal anomalies 
are: 

First. The period is seldom constant. For some stars 
the changes of the period seem to follow a regular law; for 
others no law can be fixed. 

Second. The time from a minimum to the next maxi- 
mum is usually shorter than from this maximum to the 
next minimum. 

Third. Some stars (as /3 Lyrai) have not only one maxi- 
mum between two consecutive principal minima, but two 
such maxima. For ft LyrcB, according to Argelander, 
3^ 2^ after the principal minimum comes the first maxi- 
mum; then, 3^ 7^ after this, a secondary minimum in which 
the star is by no means so faint as in the principal mini- 
mum, and finally 3^ 3*" afterward comes the principal maxi- 
mum, the whole period being 12* 21^ 47™. 

The course of one period is illustrated in the following table, 
supposing the period to begin at 0<^ 0^. Opposite each phase ia 
given the intensity of light in terms of y LyrcB = 1. 
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Phases of ^ LyrsB. 



Principal Minimum 0* 0** 

First Maximum 8** 2*» 

Second Minimum 6** 9"* 

Principal Maximum 9** 12^ 

Principal Minimum 12* 22" 



Rolative 
Intensitj. 



0.40 
0.88 
0.58 
0.89 
0.40 



The periods of 94 well-determined variable stars being tabulated, 
it appears that they are as follows: 



Period between 


No. of Stars. 


Period between 


No. of StanL 


1 d. and 20 d. 
20 50 
50 100 
100 150 
150 200 
200 250 
25p 300 
800 850 


13 
1 
4 
4 
5 
9 
14 
18 


350 d. and 400 d. 
400 450 
450 500 
500 550 
550 600 
600 650 
650 700 
700 750 


18 
8 
8 


1 


1 




2 = U 



It is natural that there should be few known variables of periods 
of 500 days and over, but it is not a little remarkable that the periods 
of over half of these variables should fall between 250 and 450 days. 

The color of over 80 per cent of the variable stars is red or orange. 
Red stars (of which 600 to 700 are known) are now receiving close 
attention, as there is a strong likelihood of finding among them many- 
new variables. 

The spectra of variable stars show changes which appear to be 
connected with the variations in their light. 



Temfobaby OS New Stabs. 

There are a few cases known of apparently new stars which have 
suddenly appeared, attained more or less brightness, and slowly de- 
creased in magnitude, either disappearing totally, or finally remain- 
ing as comparatively faint objects. 

The most famous one was that of 1572, which attained a brightness 
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greater than that of Sirius or Jupiter and approached to Venus, heing 
even visible to the eye in daylight. Tycho Brahe first observed this 
star in November, 1572, and watched its gradual increase in light 
until its maximum in December. It then began to diminish in bright- 
ness, and in January, 1573, it was fainter than Jupiter. In February 
it was of the Ist magnitude, in April of the 2d, in July of the 3d, and 
in October of the 4th. It continued to dimiuish until March, 1574, 
when it became invisible, as the telescope was not then in use. Its 
color, at firat intense white, decreased through yellow and red. 
When it arrived at the 5th magnitude its color again became white, 
and so remained till its disappearance. Tycho measured its distance 
carefully from nine stars near it, and near its place there is now a star 
of the 10th or 11th magnitude, which is possibly the same star. 

The history of temporary stars is in general similar to that of the 
star of 1572, except that none have attained so great a degree of bril- 
liancy. More than a score of such objects are known to have ap- 
peared, many of them before the making of accurate observations, 
and the conclusion is probable that many have appeared without 
recognition. Among telescopic stars there is but a small chance of 
detecting a new or temporary star. 

Several supposed cases of the disappearance of stars exist, but here 
there are so many possible sources of error that great caution is neces- 
sary in admitting them. 

Two temporary stars have appeared since the invention of the spec- 
troscope (1859), and the conclusions drawn from a study of their spec- 
tra are most important as throwing light upon the phenomena of 
variable stars in general. 

The general theory of variable stars which has now the most evi- 
dence in its favor is this: These bodies are, from some general cause 
not fully understood, subject to eruptions of glowing hydrogen gas 
from their interior, and to the formation of dark spots on their sur- 
faces. These eruptions and formations have in most cases a greater 
or less tendency to a regular period. 

In the case of our sun (which is a variable star) the period is 11 
years, but in the case of many of the stars it is much shorter. Ordi- 
narily, as in the case of the sun and of a large majority of the stars, 
the variations are too slight to afiect the total quantity of light to any 
visible extent. But in the case of the variable stars this spot-producing 
power and the liability to eruptions are very much greater, and thus 
we have changes of light which can be readily perceived by the eye. 
Some additional strength is given to this theory by the fact just men- 
tioned, that so large a proportion of the variable stars are red. It is well 
known that glowing bodies emit a larger proportion of red rays and 
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a smaller proportion of blue ones the cooler they become. It is there- 
fore probable that the red stars have the least heat. This being the 
case, it is more easy to produce spots on their surface; and if their 
outside surface is so cool as to become solid, the glowing hydrogen 
from the interior when it did burst through would do so with more 
power than if the surrounding shell were liquid or gaseous. 

There is, however, at least one star of which the variations may be 
due to an entirely different cause; namely, Algol. The extreme regu- 
larity with which the light of this object fades away and disappears 
suggests the possibility that a dark body may be revolving around it, 
and partially eclipsing it at every revolution. The law of variation 
of its light is so different from that of the light of other variable stars 
as to suggest a different cause. Most others are near their maximum 
for only a small part of their period, while Algol is at its maximum 
for nine tenths of it. Others are subject to nearly continuous changrs, 
while the light of Algol remains constant during nine tenths of its 
period. 



CHAPTEB IIL 

MULTIPLE STARS. 

Chabactes of Double and Multiple Stabs. 

When we examine the heavens with telescopes, we find 
many cases in which two or more stars are extremely close 
together, so as to form a pair, a triplet, or a group. It is 
evident that there are two ways to account for this appear- 
ance. 

1. We may suppose that the stars happen to lie nearly 
in the same straight line from us, but have no connection 
with each other. It is evident that in this case a pair of 
stars might appear double, although the one was hundreds 
or thousands of times farther off than the other. It is, 
moreover, impossible, from mere inspection, to determine 
which is the farther off. (See Fig. 4, T.) 

2. We may suppose that the stars are really near together, 
as they appear, and are to be considered as forming a con- 
nected pair or group. 

A couple of stars in the first case is said to be optically 
double. 

Stars which are really physically connected are said to be 
physically double. 

If the hicid stars are equally distributed over the celestial sphere, 
the chances are 80 to 1 against any two being within three minutes 
of each other, and the chances are 500.000 to 1 against the six visible 
stars of the Pleiades being accidentally associated as we see tliem. 
When tlie millions of telescopic stars are considered, there is a greater 
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prob&bilitr or such accidental Juxtaposition. But the probability of 
many sucb cases oCRUiring is so extremely Bmall tliat aatronomera 
regard all the closest pairs aa physically connected. Of the 600,000 
stars of the first tea magnitudes, about 10,000, or one out of eveiy 
60, has a companion within a distance of 80" of arc. This proportioo 
I Is many times greater than could possi- 
I biy be the result of chance distribution. 
~'hcro are several cases of stars nliicb 
I appear double to the naked eye. t Lyra 
is sucli a star and is an interesting ob- 
I ject, from tlie fnct that escli of the two 
I stars which compose it is itself double. 
I This mioule pair of points, capable of 
] being distinguished as double only by 
most perfect eye (without the tele- 
I scope), Is I'eally composed of two p^rs 
X fiviK ^^ sxan vi'iAn apart, with a group of 
smaller stars between and around 
them. The figure shows the appearance in a telescope of consider- 
able power. 

BeTolntioni of Bonble Stars— ^Binary Syitemf ,— It is evident that if 
double stars are endowed with liie property of mutual gravttatiOQ, 
they must be revolving around 
each oilier, as the earth and 
planelH revolve around the sun, 
elxe they would he drawn to- 
gether as a single sUr. 

The melliod of determining 
the period of revolution of a 
binary star is illustrated by the 
figure, which is supposed to rep- 
resent the field of view of an in- 
verting telescope pointed toward 
the south. Tlie nrrow shows the 
direction of the apparent diur- 
nal motion. Tiic telescope is 
supposed to 1>e so pointed that 
the brighter star may lie in the 
centre of the field. The num- 
bers around the surrounding 
circle then show the angle of 
position, supposing the smaller star to 
number. 




n the direction of On 
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Fig. 87 is an example of a pair of stars in which the position- 
angle is about 44**. 

If, by measures of this sort extending through a series of years, the 
distance or position-angle of a pair of stars is found to change pe7'i- 
odically, it shows that one star is revolving around the other. Such 
a pair is called a binary star or binary system. The only distinction 
which we can make between binary systems and ordinary double 
stars is founded on the presence or absence of this observed motion. 
^ It is probable that nearly all the very close double stars are really 
binary systems, but that many hundreds of years are required to per- 
form a revolution in some instances, so that the motion has not yet 
been detected. 

The discovery of binary systems is one of great scientific interest, 
because from them we learn that the law of gravitation includes the 
stars as well as the solar system in its scope, and may thus be regarded 
as truly universal. 

When the parallax of a binary star is known, as well as the orbit, 
it is possible to compute the mass of the binary system in terms of 
the sun's mass. It is an important fact that such binary systems ae 
have been investigated do not differ greatly in mass from our sun. 



CHAPTER IV. 

NEBULiE AND CLUSTERS. 

Discovery of Nebtjub. 

In the star-catalogues of Ptolemy, Hevemus, and the 
earlier writers, there was included a class of nebulous or 
cloudy stars, which were in reality star-clusters. They ap- 
peared to the naked eye as masses of soft diffused light of 
greater or less extent. In this respect they were quite 
analogous to the Milky Way. In the telescope, the nebu- 
lous appearance of these spots vanishes, and they are seen 
to consist of clusters of stars. 

As the telescope was improved, great numbers of such 
patches of light were found, some of which could be re- 
solved into stars, while others could not. The latter were 
called nehidcB and the former star-clusters. 

About 1656 HuYGHENS described the great nebula of 
Orion, one of the most remarkable and brilliant of these 
objects. During the last century Messier, of Paris, made 
a list of 103 northern nebulae, and Laoaille noted a few 
of those of the southern sky. Sir William Hebsohel 
with his great telescopes first gave proof of the enormous 
number of these masses. In 1786 he published a catalogue 
of one thousand new nebulae and clusters. This was fol- 
lowed in 1789 by a catalogue of a second thousand, and in 
1802 by a third catalogue of five hundred new objects of 
this class. Sir Johk Herschel added about two thou- 
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sand more nebulae. The general catalogue of nebulae and 
clusters of stars of the latter astronomer, published in 
1864, contains 5079 nebulsB. Over two thirds of these 
were first discovered by the Herschels. 

Classification of Nebtjlje and CLUSTEBa 

In studying these objects, the first question we meet is this: Are 
all these bodies clusters of stars which look diffused only because 
they are so distant that our telescopes cannot distinguish them sepa- 
rately? or are some of them in reality what they seem to be; namely, 
diffused masses of matter? 

In his early memoirs of 1784 and 1785, Sir William Herschel 
took the first view. He considered the Milky Way as nothing but a 
congeries of stars, and all nebulae naturally seemed to him to be but 
stellar clusters, so distant as to cause the individual stare to disap- 
pear in a general milkiness or nebulosity. 

In 1791, however, his views underwent a change. He had dis- 
covered a nebulous star (properly so called), or a star which was un- 
doubtedly similar to the surrounding stars, and which was encom- 
passed by a halo of nebulous light. 

He says: "Nebulae can be selected so that an insensible gradation 
shall take place from a coarse cluster like the Pleiades down to a 
milky nebulosity like that in Onon, every intermediate step* being 
represented. This tends to confirm the hypothesis that all are com- 
posed of stars more or less remote. 

** A comparison of the two extremes of the series, as a coarse cluster 
and a nebulous star, indicates, however, that the nebulosify about the 
star 18 not of a stai*ry nature, 

*' Considering a typical nebulous star, and supposing the nucleus 
and chevelure to be connected, we may, first, suppose the whole 
to be of stars, in which case either the nucleus is enormously 
larger than other stars of its stellar magnitude, or the envelope is 
composed of stars indefinitely small; or, second, we must admit that 
the star is involved in a Hhining fluid of a nature totoMy unknown to 
us. . 

"The shining fluid might exist independently of stars. The 
light of this fluid is no kind of reflection from the star in the 
centre. If this matter is self-luminous, it seems more fit to pro- 
duce a star by its condensation than to depend on the star for its 
existence. 
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"Both diffused DcbuloBiiies and planetary nebuin ftre bettar •» 
counted for bj ilie hypotbeaia of a aliining fluid than by Hippodsg 
tbem to be diatact stars." 

This was tbe first eiiict statement of tbe Idea that, bedde Mu|^ 
and Btar-clu Sid's, wc bave lu ilie universe a totally dlsUuct Mrim of 
objects, probably much more simple ia tlieir L-oniiUtulloii. fllfii !■ 
tions on tbe spectra of tiicso bodies bave entirely cooflitned tha oon- 
cluitioQS of IIerschel. 

Kebulai oud cluuters vere divided by Hebbchxl into clai 




Nehhu, 



applied tlie name planetary nebula to certain circular or c 
nubula: wliich in bis tek'sope presented disks like tbo { 
^iral nebula; are tbosc wbose cooTolulioDS bave a spiral iliape. ^ib 
class is quite numerous. 

Tbediiferent kinds of ncbulce and clusters will be belter n 
stood from the cuts and descriptions which follow than by f 
deflaitinns. It must be rcmemliered that there Is on almoM Ir 
miety of such ebapes. 



Stas-Civbcbbs. 

The most noted of all tlie clusten 1b the Pleiada, which may be 
seen duriog' the wioter mouths to the aorthweet of the oonatellation 

TavTut. The average Dakcil eye can sBBily distingulali aix etan 
williin it. Lilt uudcrfuvorabkcoDdilious ten, eleren, twelve, or more 
Biari cud be counted. With the telescope, over a hundred etan are 

The clustcra represented in Figs. SO and 91 aie good extunples of 
their ctusses. Tlie first is globular and contains several thousand 
sntnll sturs. The second is a cluster of about 200 Btt^s, of aui|pii- 
tudee varying from the ninth to the thirteenth and fourttienth, In 
which tiiB brighter stars are scattered. 




Fro. 90— Oloi 



FlQ. I>1 — COMFBKSBCD CUXOWK. 



Clusters arc probably subject to central powers or forces. Thiswai 
seen by Sir "William Hessciiki, in 1789. Ho says: 

" Not only were round nebulffi and clusters formed by central 
powers, but likewise every cUisier of stars or nebula that sbowB a 
■gradual condensation or increasing brightness toward a ceh^. 
This theory of central power is fully established on grounds of ob- 
servation which cannot be overtHrned. 

"Clusters can be found of lO'tlianipler with acertdn degre^of 
compression and stars of a certain magnitude, and smaller clustfer* 
of 4', 3', or 3' in diameter, willi smaller stars and greater cdmpraftron, 
and so ou through resolvable ncbulte by imperceptible steps, to tbo 
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smallest and faintest [and most distant] nebulae. Other clusters there 
are, which lead to the belief that either they are more compressed or 
are composed of larger stars. Spherical clusters are probably not 
more different in size among themselves than different individuals of 
plants of the same species. As it has been shown that the spherical 
figure of a cluster of stars is owing to central powers, it follows that 
tliose clusters which, ccBteris paribus, are the most complete in this 
figure must have been the longest exposed to the action of these 
causes. 

"The maturity of a sidereal system may thus be judged from the 
disposition of the component parts. 

*' Though we cannot see any individual nebula pass through all 
its stages of life, we can select particular ones in each peculiar 
stage," and thus obtain a single view of their entire course of de- 
velopment. 

SPECTBA of NEBTTLiE AND GLTTSTEBS, AND FiXED STABS.'*' 

In 1864, five years after the invention of the spectroscope, the 
examination of the spectra of the nebulae led to the discovery that 
while the spectra of stars w^ere invariably continuous and crossed with 
dark lines similar to those of the solar spectrum, those of many ne- 
bulae were discontinuous, showing these bodies to be composed ot 
glowing gas. 

The spectrum of most clusters is continuous, indicating that the 
individual stars are truly stellar in their nature. In a few cases, 
however, clusters are composed of a mixture of nebulosity (usually 
near their centre) and of stars, and the spectrum in such cases is 
compound in its nature, so as to indicate radiation both by gaseous 
and solid matter. 

Spectba of Fixed Stab& 

Stellar spectra are found to be, in the main, similar to the solar 
spectrum; i.e., composed of a continuous band of the prismatic col- 
ors, across which dark lines or bands were laid, the latter being fixed 
in position. These results show the fixed stars to resemble our own 
sun in general constitution, and to be composed of an incandescent 
nucleus surrounded by a gaseous and absorptive atmosphere of 
lower temperature. This atmosphere around many stars is different 
in constitution from that of the sun, as is shown by the different posi- 
tion and intensity of the various black lines and bands which are due 
to the absorptive action of the atmospheres of the stars. 

* See Appendii^, 
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It is probable that the hotter a star is the more simple a spectrum 
it has; for the brightest, and therefore probably the hottert stara, 
such as Siriiu, give spectra showing only very thick hydrogeo lines 
EDd a few very thin metallic lines, while the cooler stars, such as 
our sun, are shown by their spectra to contain a much larger num- 
ber of metallic elements than stars of the type of Sirhu, but no 
non-metallic elements (oxygen possibly excepted). The coolest 
stars give band- spectra characteristic of compounds of metallic 
with Don-mctallic elements, and of the non metallic elements iin- 
combined. 

Motion of Stabs m the Line of Sight. 

Spectroscopic observations of stars not only give information in 
regard to their chemical and physical constitution, but have been 
applied so as to determine approximately the velocity in kilometres 
per second with which the stars are approaching to or receding from 
the earth along the line joining earth and star. The theory of such a 
determination is briefly as follows: 

In the solar spectrum we find a group of dark lines, as a, b, e, 
which always maintain their relative position. From laboratory 
experiments, we can show that the three bright lines of incandescent 
hydrogen (for example) have always the same relative position as 
the solar dark lines a, b, c. From this it is inferred that the solar 
dark lines are due to the presence of hydrogen in its absorptive 
atmosphere. 

Now, suppose that in a stellar spectrum we find three dark lines 
a', b\ c', wliose relative position is exactly the same as that of the 
solar lines a, b, c. Not only is their relative position the same, but 
the characters of the lines themselves, so far as the fainter spectrum 
of the star will allow us to determine them, are also similar; that is, 
a' and a, b' and b, c' and c are alike as to thickness, blackness, nebu- 
losity of edges, etc. etc. From this it is inferred that the star really 
contains in its atmosphere the substance whose existence has been 
shown in the sun. 

If we contrive an apparatus by which the stellar spectrum is seen 
in the lower half, say, of the eye-piece of the spectroscope, while 
the spectrum of hydrogen is seen just above it, we find in Some 
cases this remarkable phenomenon. The three dark stellar lines, 
a', b', d , instead of being exactly coincident with the three hydrogen 
lines a, b, c, are seen to be all thrown to one side or the other by a 
like amount; that is, the whole group a\ V, d , while preserving its 
^lative distances the same as those of the comparison group a, 5, 0, 
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is shitttti toward either the violet or red end of the spectrum by a 
Biiiall yet measuruble amount. Repeuted eiperiments by different 
inatruments and observers show always a. sliifliug in tlie same direc- 
tion aod of lilie amouut. Tlie figure shows Ihe sbifting of tbe P 
line in llie spectrum of Binua, compared with one fixed line of 
hydregen. 

Tills disploeement of the 
spectral lines is to be ac- 
counted tor by a motion of 
the star toward or from tbe 
earth. It is showo it 
aicB that if tlic source of 
the light which gives the 
spectrum a, b', d is mov- 
ing away from tbe earth, 
this group will be sliifted 
toward Ihe red eud of the 
spectrum ; if toward tbe 
carlli, then llie wiiole group 
will be shifted toward the 
blue cud. The amount of 
this shifting is a fuuclion of 

the velocity of recession or p„ ^ _p ^^^ „ Sphttrch op Sibiuil 
approncli, and this velocity 

in miles per second cim he calculated from the measured displace- 
ment. This has been done for many stars. Tbe results agree well, 
when the difficult nature of the research is considered. Tlie rales of 
motion vary from insensible amounts to 100 kilometres per second; 
and in some cikses agree remarkably with the velocities computed 
from the proper motions and probable parallaxes. 




CHAPTER V. 
MOTIONS AND DISTANCES OF THE STARa 

PBOPEB MOTIOV& 

We have already stated that, to the unaided yision, the 
fixed stars appear to preserve the same relative position in 
the heavens through many centuries, so that if the an- 
cient astronomers could again see them, they could hardly 
detect the slightest change in their arrangement. But 
accurate measurements have shown that there are slow 
changes in the positions of the brighter stars, consisting in 
a motion forward in a straight line and with nniform 
velocity. These motions are, for the most part, so slow 
that it would require thousands of years for the change of 
position to be perceptible to the unaided eye. They are 
called proper motions, since they are peculiar to the star 
itself. 

In general, the proper motions even of the brightcBt 
stars are only a fraction of a second in a year, so that 
thousands of years would be required for them to 
change their place in any striking degree, and hundreds 
of thousands to make a complete revolution around the 
heavens. 

Proper Motion of the Sttv. 

It is a priori evident that stars, in genenil, must have 
proper motions, when orq^ w^ admit the universality of 
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gravitation. That any fixed star should be entirely at 
rest would require that the attractions on all sides of it 
should be exactly balanced. Any change in the position 
of this star would break up this balance, and thus, in gen^ 
eral, it follows that stars must be in motion, since each of 
them cannot occupy such a critical position as has to be 
assumed. 

If but one fixed star is in motion, this affects all the 
rest, and we cannot doubt that every single star, our sun 
included, is in motion by amounts which vary from small 
to great. If the sun alone had a motion, and the other 
stars were at rest, the consequence of this would be that 
all the fixed stars would appear to be retreating en masse 
from that point in the sky toward which we were moving. 
Those nearest us would move more rapidly, those more 
distant less so. And in the same way, the stars from 
which the solar system was receding would seem to 'be 
approaching each other. If the stars, instead of being 
quite at rest, as just supposed, had motions proper to 
themselves, then we should have a double complexity. 
They would still appear to an observer in the solar system 
to have motions. One part of these motions would be 
truly proper to the stars, and one part would be due to the 
advance of the sun itself in space. 

Observations can show us only the resultant of these 
two motions. It is for reasoning to separate this resultant 
into its two components. At first the question is to deter- 
mine whether the results of observation indicate any solar 
motion at all. If there is none, the proper motions of 
stars will be directed along all possible lines. If the sun 
does truly move, then there will be a general agreement in 
the resultant motions of the stars near the ends of the line 
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along which it moves, while those at the sides, so to speak, 
will show comparatively less systematic effect. It is as if 
one were riding in the rear of a railway train and watching 
the rails over which it has just passed. As we recede from 
any point, the rails at that point seem to come nearer and 
nearer together. 

If we were passing through a forest, we should see the 
trunks of the trees from which we were going apparently 
come nearer and nearer together, while those on the sides 
of us would remain at tlieir constant distance, and those in 
front would grow further and further apart. 

These phenomena, which occur in a case where we are 
sensihle of our own motion, serve to show how we may 
doiluce a motion, otherwise unknown, from the appear- 
ances which are presented by the stars in space. 

In this way, acting upon suggestions which had been 
thrown out j)reviously to his own time, Hebschel demon- 
stratcfl that the sun, together with all its system, was mov- 
ing through space in an unknown and majestic orbit of its 
own. The centre round which this motion is directed 
cannot yet be assigned. We can only determine the point 
in the heavens toward which our course is directed — *' the 
apex of solar motion." 

A number of astronomers have since investigated this 
motion with a view of determining the exact point in the 
heavens toward which the sun is moving. Their results 
differ slightly, but the points toward which the sun is 
moving all fall in the constellation Hercules, The amount 
of the motion is such that if the sun were viewed at right 
angles to the direction of motion from an average star 
of the first magnitude, it would appear to move about one 
third of a second per year. 
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Distances of the Fixed Stabs. 

The ancient astronomers supposed all the fixed stars to 
be situated at a short distance outside of the orbit of the 
planet Saturn, then the outermost known planet. The 
idea was prevalent that Nature would not waste space by 
leaving a great region beyond Saturn entirely empty. 

When Copernicus announced the theory that the sun 
was at rest and the earth in motion around it, the problem 
of the distance of the stars acquired a new interest. It was 
evident that if the earth described an annual orbit, then 
the stars would appear in the course of a year to oscillate 
back and forth in corresponding orbits, unless they were 
so immensely distant that these oscillations were too small 
to be seen. The apparent oscillation of Saturn produced 
in this way was described p. 100 et seq. It amounts to 
some 6° on each side of the mean position. These oscilla- 
tions were, in fact, those which the ancients represented 
by the motion of the planet around a small epicycle. But 
no such oscillation had ever been detected in a fixed star. 
This fact seemed to present an almost insuperable difficulty 
in the reception of the Copernican system. Very natural- 
ly, therefore, as the instruments of observation were from 
time to time improved, this apparent annual oscillation of 
the stars was ardently sought for. 

The problem is identical with that of the annual parallax 
of the fixed stars, which has been already described. This 
parallax of a heavenly body is the angle which the mean 
distance of the earth from the sun subtends when seen 
from the body. The distance of the body from the sun is 
inversely as the parallax (nearly). Thus the mean distance 
of Saturn being 9.5, its annual parallax exceeds 6°, while 
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that of Neptune, which is three times as far, is about 2**. 
It was very evident, without telescopic observation, that 
the stars could not have a parallax of one half a degree. 
They must therefore be at least twelve times as far as 
Saturn if the Copernican system were true. 

When the telescope was applied to measurement, a con- 
tinually increasing accuracy began to be gained by the 
improvement of the instruments. Yet for several genera- 
tions the parallax of the fixed stars eluded measurement 
Very often indeed did observers think they had detected 
a parallax in some of the brighter stars, but their succes- 
sors, on repeating their measures with better instruments, 
and investigating their methods anew, found their conclu- 
sions erroneous. Early in the present century it became 
certain that even the brighter stars had not, in general, a 
parallax as great as 1\ and thus it became certain that they 
must lie at a greater distance than 200,000 times that 
which separates the earth from the sun. 

Success in actually measuring the parallax of the stars 
was at length obtained almost simultaneously by two as- 
tronomers, Bessel of Konigsberg and Stbuve of Dorpat. 
Bessel selected 61 Cygni for observation, in August, 1837. 
The result of two or three years of observation was thafc 
this star had a parallax of 0^.35, or about one third of a 
second. This would make its distance from the sun nearly 
600,000 astronomical units. The reality of this parallax 
has been well established by subsequent investigators, only 
it has been shown to be a little larger, and therefore the 
star a little nearer than Bessel supposed. The most prob- 
able parallax is now found to be 0^.51, corresponding to a 
distance of 400,000 radii of the earth's orbit. 

The distances of the stars are sometimes expressed by 
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the time required for light to pass from them to our sys- 
tem. The velocity of light is, it will be remembered, about 
300,000 kilometres per second, or such as to pass from the 
sun to the earth in 8 minutes 18 seconds. 

The time required for light to reach the earth from some 
of the stars, of which the parallax has been measured, is as 
follows : 



Star. 


Years. 


Star. 


Years. 


a Gentaun 

61 Cvani 


3.5 

6.7 

6.3 

6.9 

9.4 

10.5 

11-9 

13.1 

16-7 

17-9 


70 Ophiuchi 

t UrscB Majoris 

Arcturus 

V Drnconis 


19-1 
24. 3 


21,185 T4ilande 

(3 CentduH 


25.4 
35-1 


// CassioTyeioR 


1830 Groombridge. . 
PolaiHs 


35.9 


34 G room l)i"i(l ire 


42-4 


21,258 Lalande 

17 415 Oeltzen ... 


3077 Bradley 

85 Peoasi 


46-1 
64.5 


Sirius 


a. A wiocB 


70-1 


a LvrcB 


d Draconis 
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CHAPTER VI. 
CONSTRUCTION OF THE HEAVENa 

The visible uniyersc, as revealed to us by the telescope^ is 
a collection of many millions of stars and of several thou* 
sand nebulae. It is sometimes called the stellar or sidereal 
system^ and sometimes, as already remarked, the stellar 
universe. T)ie most far-reaching question with which 
astronomy has to deal is that of the form and magnitude 
of this system, and the arrangement of the stars which 
compose it- 
It was once supposed that the stars were arranged on the 
same general plan as the bodies of the solar system, being 
divided up into great numbers of groups or clusters, while 
all the stars of each group revolved in regular orbits ronnd 
the centre of the group. All the groups were supposed to 
revolve around some great common centre, which was 
therefore the centre of the visible universe. 

But there is no proof that this view is correct. We hare 
already seen that a great many stars are collected into clus- 
ters, but there is no evidence that the stars of these 
clusters revolve in regular orbits, or that the clusters them- 
selves have any regular motion around a common centiB. 

The first astronomer to make a careful study of the arrangeiiient 
of the stars with a view to learn the structure of the heayens was Sir 
WrLLiAM Hbrsghbl. 

Heuschel's method of study was founded on a mode of 




CONSTRUCTION OF THE HEAVENS. 



319 



tion which he called star-gauging. It consisted in pointing a power- 
ful telescope toward various parts of the heavens and ascertaining by 
actual count how thick the stars were in each region. His 20-foot 
reflector was provided with such an eyepiece that, in looking into 
it, he would see a portion of the heavens about 15' in diameter. A 
circle of this size on the celestial sphere has about one quarter the 
apparent surface of the sun, or of the full moon. On pointing the 
telescope in any direction, a greater or less number of stars were 
nearly always visible. These were counted, and the direction in 
which the telescope pointed was noted. Gauges of this kind were 
made in all parts of the sky at which he could point his instrument, 
and the results were tabulated in the order of right ascension. 

The following is an extract from the gauges, and gives the average 
number of stars in each field at the points noted in rigiit ascension 
and north-polar distance : 



R. 


A. 


N. P. D. 

92» to 94«. 

No. of Stars. 


R.A. 


N. P. D. 

78° to 80«». 

No. of StArs. 


h. 
15 


m. 
10 


9.4 


h.] 
11 


m.] 
6 


3.1 


15 . 


47 


10.6 


12 


44 


4.6 


16 


25 


13.6 


12 


49 


3.9 


16 


37 


18.6 


14 


30 


3.6 



In this small table, it is plain that a different law of clustering or 
of distribution obtains in the two regions. 

The number of these stars in certain portions is very great. For 
example, in the Milky Way this number was as great as 116,000 stars 
in a quarter of an hour in some cases. 

Herschel supposed at first that he completely resolved the whole 
Milky Way into small stara. This conclusion he subsequently modi- 
fied. He says: 

" It is very probable that the great stratum called the Milky Way is 
that in which the sun is placed, though perhaps not in the very cen- 
tre of its thickness. 

" We gather this from the appearance of the Galaxy, which seems 
to encompass the whole heavens, as it certainly must do if the sun is 
within it. For. suppose a number of stars arranged between two 
parallel plaues, indefinitely extended every way, but at a given con- 
siderable distance from each other, and calling this a sidereal stratum, 
an eye placed somewhere within it will see all the stars in the direo- 
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the rot at tlie hcBvens, at the sides, nitl ooly seem to be acatl«rad 
over will) coQsteiktioiiB, more or lees crowded, according to the dl»- 
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tance of the planes, or number of stars contained in the thickness or 
sides of the stratum." 

Thus in Herschel*8 figure an eye at 8 within the stratum a h will 
see the stars in the direction of its length a h, or height c d, with all 
those in the intermediate situations, projected into the lucid circle 
A CBD, while those in the sides mv, nw, will be seen scattered over 
the remaining part of the heavens MV NW. 

**If the eye were placed somewhere without the stratum, at no 
very great distance, the appearance of the stars within it would 
assume the form of one of the smaller circles of the sphere, which 
would be more or less contracted according to the distance of the 
eye; and if this distance were exceedingly increased, the whole 
stratum might at last be drawn together into a lucid spot of any 
shape, according to the length, breadth, and height of the stratum. 

" Suppose that a smaller stratum pq should branch out from the 
former in a certain direction, and that it also is contained between 
two parallel planes, so that the eye is contained within the great 
stratum somewhere before the separation, and not far from the place 
where the strata are still united. Then this second stratum will not 
be projected into a bright circle like the former, but it will be seen 
as a lucid branch proceeding from the first, and returning into it 
again at a distance less than a semicircle. 

" In the figure the stars in the small stratum p q will be projected 
into a bright arc PRR P, which, after its separation from the circle 
CBD, unites with it again at P. 

**If the bounding surfaces are not parallel planes, but irregularly 
curved surfaces, analogous appearances must result." 

The Milky Way, as we see it with the naked eye, presents the 
aspect which has been just accounted for. in its general appearance 
of a girdle around the heavens and in its bifurcation at a certain 
point, and Herschel's explanation of this appearance, as just given, 
was accepted for many years. Then the question was asked : 
are the stars in Fig. ^3 scattered all through the space S—abpdl 
or are they near its bounding planes, or clustered in any way within 
this space so as to produce the same result to the eye as if uniformly 
distributed ? 

Herschel assumed that they were nearly equably arranged all 
through the space in question. He only examined one other arrange- 
ment — viz., that of a ring of stars surrounding the sun — and he pro- 
nounced against such an arrangement, for the reason that there is 
absolutely nothing in the size or brilliancy of the sun to cause us to 
suppose it to be the centre of such a gigantic system. No reason ex- 
cept its importance to us personally can be fdleged for such a sup- 
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position. Bj tbe aHsumptions of Fig. 98, each star will have its own 
appearance of a galaxy or milky way, which will vary according to 
the situation of the star. 

Such an explanation will account for the general appearances of 
the Milky Way and of the rest of the sky, supposing the stars equally 
or nearly equally distributed in space. On this supposition, the sys- 
tem must be deeper where the stars appear more numerous. 

But the most recent researches have shown that the Milky Way is, 
in fact, a vast cluster of stars intermixed with nebuln, and that these 
stars and nebula; are, in all probability, physically connected and not 
merely perspectively projected in the same part of the sky, A 
majority of its stars are of the same spectral type (like 8iHu»), 
Nearly all the gaseous nebulae are in this region ; and most of the 
stars with bright-line spectra are here. We must then consider the 
Milky Way as mainly a physical system, and only partly as a geo- 
metrical api)earauce. 

International Photographic Stellar Charts. — ^The great difficulty in 
reaching definite conclusions regarding the real distribution of stars 
in fapace is due to the want of adequate statistics of their appaient 
distribution on the surface of the celestial sphere. We now have 
maps of some 500,000 stars brighter than the 10th magnitude. We 
shall, by and by, be in possession of charts of all stars brighter than 
13-1 4th magnitude (some scores of millions in number). These 
charts are to be made photographically with special photographic 
telescopes by co-operating observatories in both hemispheres, and 
they will show each star in its true position and brightness. A dis- 
cussion of statistics derived from such charts will lead to far more 
extended views of the real nature of the Sidereal System thmn "we 
have at the present time. 



CHAPTER VII. 
COSMOGONY. 

A THEORY of the operations by which the universe re- 
ceived its present form and arrangement is called Cosmog- 
ony. This subject does not treat of the origin of matter, 
but only of its transformations. 

Three systems of Cosmogony have prevailed among 
thinking men at different times: 

(1) That the universe had no origin, but existed from 
eternity in the form in which we now see it. This was the 
view of the ancient philosophers. 

(2) That it was created in its present shape in a mo- 
ment, out of nothing. This view is based on the literal 
sense of the words of the Old Testament. 

(3) That it came into its present form through an ar- 
rangement of materials which were before " without form 
and void." This may be called the evolution theory. It 
is to be noticed that no attempt is made to explain the 
origin of the primitive matter. 

The last is the idea which has prevailed, and it receives 
many striking confirmations from the scientific discoveries 
of modern times. The latter seem to show beyond all rea- 
sonable doubt that the universe could not always have 
existed in its present form and under its present condi- 
tions ; that there was a time when the materials composing 
it were masses of glowing vapor, and that there will be a 
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time when the present state of things will cease. The ex- 
planation of the processes through which this occors is 
sometimes called the nebular hypothesis. It was first pro- 
pounded by the philosophers Swedbnborg, Kakt, and 
Laplace^ and^ although since greatly modified in detail^ 
their views have in the main been retained until the 
present time. 

We shall begin its consideration by a statement of the 
various facts which appear to show that the earth and 
planets^ as well as the sun, were once a fiery mass. 

The first of these facts is the gradual but uniform in- 
crease of temperature as we descend into the interior of 
the earth. Wherever mines have been du^ or wells sunk 
to a great depth, the temperature increases as we go down- 
ward at the rate of about one degree centigrade to every 30 
metres, or one degree Fahrenheit to every 60 feet The 
rate differs in different places, but the general average is 
near this. The conclusion which we draw from this may 
not at first sight be obvious, because it may seem that the 
earth might always have shown this same increase of tem- 
perature. But there are several results which a little 
thouglit will make clear, although their complete establish- 
ment requires the use of the higher mathematics. 

The first result is that the increase of temperature can- 
not be merely superficial, but must extend to a great 
depth, probably even to the centre of the earth. If it did 
not so extend, the heat would have all been lost long ages 
ago by conduction to the interior and by radiation from 
the surface. It is certain that the earth has not received 
any great supply of heat from outside since the earliest 
geological ages, because such an accession of heat at the 
earth's surface would have destroyed all life^ and eTen 
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melted all the rocks. Therefore, whatever heat there is 
in the interior of the earth must have been there from be- 
fore the commencement of life on the globe, and remained 
through all geological ages. 

The interior of the earth being hotter than its surface, 
and hotter than the space around it, must be losing heat 
We know by the most familiar observation that if any ob- 
ject is hot inside, the heat will work its way through to the 
surface by the process of conduction. Therefore, since the 
earth is a great deal hotter at the depth of 30 metres than 
it is at the surface, heat must be continually coming to the 
surface. On reaching the surface, it must be radiated off 
into space, else the surface would have long ago become 
as hot as the interior. Moreover, this loss of heat must 
have been going on since the beginning, or at least since 
a time when the surface was as hot as the interior. Thus, if 
we reckon backward in time, we find that there must have 
been more and more heat in the earth the further back 
we go, so that we must finally reach back to a time when 
it was so hot as to be molten, and then again to a time 
when it was so hot as to be a mass of fiery vapor. 

The second fact is that we find the sun to be cooling off 
like the earth, only at an incomparably more rapid rate. 
The sun is constantly radiating heat into space, and, so far 
as we can ascertain, receiving none back again. A small 
portion of this heat reaches the earth, and on this portion 
depends the existence of life and motion on the earth's sur- 
face. The quantity of heat which strikes the earth is only 
about inr ooo^otfooo " ^^ ^^^^ which the sun radiates. This 
fraction expresses the ratio of the apparent surface of the 
earth, as seen from the sun, to that of the whole celestial 
sphere. 
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Since the sun is losing heat at this rate, it must have had 
more heat yesterday than it has to-day ; more two days ago 
than it had yesterday, and so on. Thus calcalating back- 
ward, we find that the further we go back into time the 
hotter the sun must have been. Since we know that heat 
expands all bodies, it follows that the snn must hare been 
larger in i)iist ages tlian it is now, and we can trace back 
this increase in size without limit. Thus we are led to the 
conclusion that there must have been a time when the sun 
filled up the space now occupied by the planets, and must 
have been a very rare mass of glowing vapor. The plan- 
ets could not then have existed separately, but must have 
formed a part of this mass of vapor. The latter was there- 
fore the material out of which the solar system was formed. 

The same process may be continued into the fntnre. 
Since tlie sun by its radiation is constantly losing heat^ it 
must grow cooler and cooler as ^ges advance, and must 
finally radiate so little heat that life and motion can no 
longer exist on our globe. 

The third fact is that the revolutions of all the planets 
around the sun take place in the same direction and in 
nearly tlie same plane. We have here a similarity amongst 
the different bodies of the solar system, which must have 
had an adequate cause, and the only cause which has ever 
been assigned is found in the nebular hypothesis. This 
hypothesis supposes that the sun and planets were once 
a great mass of vapor, as large as or larger than the present 
solar system, revolving on its axis in the same plane in 
which the planets now revolve. 

The fourth fact is seen in the existence of nebulsd. The 
spectroscope shows these bodies to be masses of glowing 
vapor. We thus actually see matter in the celestial spaoes 
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under the very form in which the nebular hypothesis sup- 
poses the matter of our solar system to have once existed. 
Since these masses of vapor are so hot as to radiate light 
and heat through the immense distance which separates us 
from them, they must be gradually cooling off. This cool- 
ing must at length reach a point when they will cease to 
be vaporous and condense into objects like stars and 
planets. We know that every star in the heavens radiates 
heat as our sun does. In the case of the brighter stars the 
heat radiated has been made sensible in the foci of our 
telescopes by means of the thermo-multiplier.* All the 
stars must, like the sun, be radiating heat into space. 

A fifth fact is afforded by the physical constitution of 
the planets Jupiter and Saturn. The telescopic examina- 
tion of these planets shows that changes on their surfaces 
are constantly going on with a rapidity and violence to 
which nothing on the surface of our earth can compare. 
Such operations can be kept up only through the agency of 
heat or some equivalent form of energy. But at the dis- 
tance of Jupiter and Saturn the rays of the sun are entirely 
insufficient to produce changes so violent. We are there- 
fore led to infer that Jupiter and Saturn must be hot 
bodies, and must therefore be cooling off like the sun, 
stars, and earth. 

We are thus led to the general conclusion that, so far 
as our knowledge extends, nearly all •the bodies of the 
universe are hot, and are cooling off by radiating their 
heat into space. 

The idea that the heat radiated by the sun and stars maj 
in some way be collected and returned to them by the 
operation of known natural laws is equally untenable. It 

* Tbe most recent and accurate observaticns make this statement douJt>tful, 
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is a fundamental principle of the laws of heat that '' the 
latter can never pass from a cooler to a warmer body^" and 
that a body can never grow warm or acquire heat in a spaoe 
that is cooler tlian the body is itself. All differences of 
temperature tend to equalize themselves, and the only 
state of things to which the universe can tend, under its 
present laws^ is one in which all space and all the bodies oon- 
tained in space are at a uniform temperature, and then all 
motion and change of temperature, and hence the condi- 
tions of vitality, must cease. And then all such life as cure 
must cease also unless sustained by entirely new methods. 

The general result drawn from all these laws and facts 
is, that there was once a time when all the bodies of the 
universe formed either a single mass or a number of masses 
of fiery vapor, having slight motions in various parts, and 
different degrees of density in different regions. A grad- 
ual condensation around the centres of greatest density then 
went on in consequence of the cooling and the mutual at- 
traction of the parts, and thus arose a great number of 
nebulous masses. One of these masses formed the ma- 
terial out of which the sun and planets are supposed to 
have been formed. It was probably at firat nearly glob- 
ular, of nearly equal density throughout, and endowed 
with a very slow rotation in the direction in which the 
planets npw move. As it cooled off, it grew smaller and 
smaller, and its velocity of rotation increased in rapidity. 

The rotating mass we have described must have had an axis 
around which it rotated, and therefore an equator defined 
as being everywhere 90^ from this axis. In consequence 
of the increase in the velocity of rotation, the centrifugal 
force would also be increased as the mass grew smaller. 
This force varies as the radius of the circle described ^XJ 
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any particle multiplied by the square of its angular velocity. 
Hence when j;he masses, being reduced to half the radius, 
rotated four times as fast, the centrifugal force at the equa- 
tor would be increased 1x4^ or eight times. The gravi- 
tation of the mass at the surface, being inversely as the 
square of the distance from the centre, or of the radius, 
would be increased four times. Therefore as the masses 
continue to contract, the centrifugal force increases at a 
more rapid rate than the central attraction. A time would 
therefore come when they would balance each other at the 
equator of the mass. The mass would then cease to con- 
tract at the equator, but at the poles there would be no 
centrifugal force, and the gravitation of the mass would 
grower stronger and stronger. In consequence the mass 
would at length assume the form of a lens or disk very thin 
in proportion to its extent. The denser portions of this 
lens would gradually be drawn toward the centre, and there 
more or less solidified by the process of cooling. A point 
would at length be reached, when solid particles would begin 
to be formed throughout the whole disk. These would grad- 
ually condense around each other and form a single planet, or 
they might break up into small masses and form a group of 
planets. As the motion of rotation would not be altered 
by these processes of condensation, these planets would all 
be rotating around the central part of the mass, which is 
supposed to have condensed into the sun. 

It is supposed that at first these planetary masses, being 
very hot, were composed of a central mass of those sub- 
stances which condensed at a very high temperature, sur- 
rounded by the vapors of those substances which were 
more volatile. We know, for instance, that it takes a much 
higher temperature to reduce lime and platinum to vapor 
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than it does to reduce iron, zinc, or magnesium. There- 
fore, in the original planets, the limes and earths would 
condense first, while many other metals would still be in 
a state of vapor. The planetary masses would each be 
affected by a rotation increasing in rapidity as they grew 
smaller, and would at length form masses of melted metals 
and vapoi's in the same way as the larger mass out of which 
the sun and planets were formed. These masses would 
then condense into a planet, with satellites revolving 
around it, just as the original mass condensed into sun and 
planets. 

At first the planets would be so hot as to be in a molten 
condition, each of them probably shining like the sun. 
They would, however, slowly cool off by the radiation of 
heat from their surfaces. So long as they remained liquid, 
the surface, as fast as it grew cool, would sink into the in- 
terior on account of its greater specific gravity, and its 
place would be taken by hotter material rising from the 
interior to the surface, there to cool off in its turn. There 
would, in fact, be a motion something like that which 
occurs when a pot of cold water is set upon the fire to boil. 
Whenever a mass of water at the bottom of the pot is 
heated, it rises to the surface, and the cool water moves 
down to take its place. Thus, on the whole, so long as 
the planet remained liquid, it would cool off equally 
throughout its whole mass, owing to the constant' motion 
from the centre to the circumference and back again. A 
time would at length arrive when many of the earths and 
metals would begin to solidify. At first the solid partides 
would be carried up and down with the liquid. A time 
would finally arrive when they would become so large 
and numerous, and the liquid part of the general mass 
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become so viscid, that the motion would be obstructed. 
The planet would then begin to solidify. Two views 
have been entertained respecting the process of solidifica- 
tion. 

According to one view, the whole surface of the planet 
would solidify into a continuous crust, as ice forms over a 
pond in cold weather, while the interior was still in a 
molten state. The interior liquid could then no longer 
come to the surface to cool off, and could lose no heat 
except what was conducted through this crust. Hence 
the subsequent cooling would be much slower, and the 
globe would long remain a mass of lava, covered over by 
a comparatively thin solid crust like that on which we 
live. 

The other view is that, when the cooling attained a cer- 
tain stage, the central portion of the globe would be 
solidified by the enormous pressure of the superincumbent 
portions, while the exterior was still fiuid, and that thus 
the solidification would take place from the centre out- 
ward. 

It is still an unsettled question whether the earth is now 
solid to its centre, or whether it is a great globe of molten 
matter with a comparatively thin crust. Astronomers and 
physicists incline to the former view ; geologists to the lat- 
ter one. Whichever view may be correct, it appears cer- 
tain that there are great lakes of lava in the interior from 
which volcanoes are fed. 

It must be understood that the nebular hypothesis, as we 
have explained it, is not a perfectly established scientific 
theory, but only a philosophical conclusion founded on the 
widest study of nature, and pointed to by many otherwise 
disconnected facts, The widest generalization associated 
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with it is that, so far as we can seo, the aniverse is not self- 
sustaining, but is a kind of organism which> like all other 
organisms we know of, must come to an end in consequence 
of those very laws of action which keep it going. It must 
have had a beginning within a certain number of years 
which we cannot yet calculate with certainty^ but which 
cannot much exceed 20,000,000, and it must end in a chaos 
of cold, dead globes at a calculable time in the future, 
when the sun and stars shall have radiated away all their 
heat, unless it is re-created by the action of forces of which 
we at present know nothing. 



APPENDIX. 



SPECTEUM ANALYSIS. 

Although the subject of Sjwctrum Analysis belongs 
properly to physics, a brief account of its relations to astron- 
omy may be useful here. 

To underatand the instruments and methods of Spectrum 
Analysis it will be necessary to recall the optical properties 
of a prism, which are demonstruted in all treatises on phy- 

flicB. 

Th» Prism. — When parallel rays of homogeneous lights 




red for example, fall on a face of a prism they are bent out 
of their conise, and when they emerge from the prism they 



334 APPENDIX. 

are again bent, but they still remain parallel; thus the rays 
r r, rWf are bent into the final direction rV. This is true 
for parallel rays of every color. They remain parallel after 
deviation by the prism. This can be shown by experiment. 
K the incident rays r r, in Fig. 94, are red, they will come 
to the screen at rV. If they are violet rays, they will 
come to v'v' on the screen, after having been bent more 
from their original course than the red rays. The violet 
rays, with the shortest wave-length, are the most refrangi- 
ble. The red, with the longest wave-length', are the least 
refrangible. 

The experiments of Sir Isaac Newton (1704) proved 
that white light (as sunlight, moonlight, starlight) was 
not simple but compound. That is, white light is made up 
of light of different wave-lengths. Difference of wave-length 
shows itself to the eye as difference of color. Seven colors were 
distinguished by Newton; viz., violet, indigo, Hue, green, 
yellow, orange, red. (Memorize these in order. It is the 
order of the colors in the rainbow.) If parallel rays of 
white light, as sunlight, rr, fall on a prism, the red rays of 
this beam will still fall at rW, and the violet rays will fall 
at v'v\ Between v' and r' the other rays will fall, in the 
order just given; that is, in the order of their refrangibility. 
The rainbow-colored streak on the screen is called the 
Bpectrum; it is a solar, a lunar, or a stellar spectram ac- 
cording as the source of the rays is the sun, moon, or a star. 
The solar spectrum is very bright; the lunar spectrum is 
much fainter; and the spectrum of a star is far fainter tliRn 
either. 

If we let parallel rays, rr, of red light come through a 
circular hole at Q, they will form a circular image of the 
hole at r V. If the hole is sguare or triangolar, a square or 
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a triangular image will be formed. If it is a narrow slit, a 
narrow streak of red light will be projected at rV. 

When white light is passed through a circular hole at Qy 
circular images of the hole are formed all along the line 
rW to v'l;': the red images at rV, the orange, yellow, 
green, blue images in succession, and the violet image at 
v'v'. If the hole is of any size these images will overlap, 
so that the colors are not pure. If white light falls through 
a narrow slit at Q, placed parallel to the edge A of the 
prism, the purest spectrum is obtained. The different 
spectra do not overlap. 

Fraunhofer tried this experiment in 1804, and he 
found that the spectrum of the sun was interrupted by certain 
dark lines, fixed in relative position. These are the Frann- 
hofer lines, so called. He made a map of the solar spec- 
trum, and on the map he placed the various lines in their 
proper places. These lines appear in the same relative 
position no matter whether a slit or a very small circular 
hole is used, and they belong to the incident light and are 
not produced by the apparatus. This simply renders them 
visible. They are not seen when the light comes through 
wide apertures, on account of the overlapping of the vari- 
ous images. 

The Spectroscope. — A spectroscope consists essentially of 
one or more prisms (or any other device, as a diffraction 
grating) by means of which a spectrum is produced; of 
a means to make the spectrum pure (a slit and collimator), 
and of a means to see it well (a small telescope). 

Fig. 95 shows the arrangement of a one-prism spectro* 
scope. The light enters the slit 8y which is exactly in 
the focus of the objective A of the collimator. The rays 
therefore emerge from A in parallel lines. They are de- 
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viated by the prism P, and enter the objeotiTS B, fonning 
an image of the spectrum at 0, which is viewed by the eye 
»t^. 




The Solar Spectrum.— Part of this image (of the Bohff 

spectrum) is shown in Fig 96, except as to color. The 
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a colors extend in succession from end to end of the 
spectrum. In each culor are certain dark IIdgb which have 
a definite position. The most conspicuous of these linet 
are called the Fraunliofer lines, and are lettered A, B, Of 
D, E, F, Q, H. A is below the easily visible red, £ ii at 
its lower edge, C is near the middle of the red, i> ia s double 
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line in the orange, j^is in the green, ^is in the blue, in the 
indigo, and J^m the violet. There are at least 500 lines 
besides which can be seen with spectroscopes of moderate 
power. Each and every one of these has a definite position. 

When the instrument drawn in Fig. 95 is pointed toward 
the sun (so that the sun's rays fall on S), the spectrum 
seen is that of the whole sun. If we wish to examine the 
spectrum of B,part of the sun, as of a spot for example, we 
must attach the wliole instrument (Fig. 95) to a telescope, 
so that 8 is in the principal focal plane of the telescope- 
objective (page 62). An image of the sun will then be 
formed by the telescope-objective on the slit plate S, and 
tlie light from any part of that image can be examined at 
will. The spectroscope is also used in order to examine 
stars. We employ a telescope in this case so that its 
objective may collect more light and present it at the slit 
of the spectroscope. 

Spectra of Solids and Oases. — A solid body, heated so 
intensely as to give off light, has a co7itinuous spectrum. 
That is, there are no Fraunhofer lines in it, but prismatic 
colors only. A gaseous body, heated so intensely as to give 
off light, \\v^^di, discontinuous spectrum.* That is, the colors 
red to violet are no longer seen, but on a dark background 
the spectrum shows one or more bright lines. 

These lines have a definite relative position and are 
characteristic of the particular gas. The vapor of sodium, 
for example, gives two bright lines, whose relative position 
is fixed. These facts can be shown by laboratory experi- 
ments. Another experiment must be cited. . If the source 
of light is a solid body, intensely heated, the spectroscope^ 
will show a continuous spectrum without lines, as has been 

* Unless under great pressure, when the spectrum is continuouB as in the cas3 
of our sun, and of stars of similar constitution. 
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said. If between the solid body and the slit of the spec- 
troscope we i)lace a glass vessel containing the vapor of 
sodium, the spectrum will no longer be without lines. Two 
dark lines will appear in the orange. If we remove the 
vapor of sodium, the lines will go also. They are prodneed 
by the absorptive action of this vapor on the incident light. 

If we register exactly the spot in the field of view of the 
spectroscope where each of these dark lines appears, and if 
we then remove the sodium vapor and replace the solid 
body (the source of light) by intensely heated sodiam 
vapor, we shall find the new spectrum to be composed of 
two bright lines, as has been said; but these two bright 
lines will occupy exactly the same places in the field of view 
that the two dark lines formerly occupied. 

The two dark lines are a sign of the kind of light that is 
absorbed by sodium vapor; the two bright lines are a sign 
of the kind of light that is emitted hy 8od\um vapor. These 
two kinds are the same. What is true of sodium vapor is 
true of every gas. It absorbs light of the same kind (wave- 
length) as that which it emits. 

If a spcctroscopist had to determine what kind of gas 
was in a certain jar, he might do it in two ways. He might 
heat it intensely, and measure the positions of the bright 
lines of its spectrum; or he might place the gas between the 
slit of his spectroscope and a highly heated solid body, and 
again measure the positions of the dark lines of its 
absorption-spectrum. The measures and thus the positions 
of the lines will be the same in both cases. By comparing 
the measures with previous measures for known gases, the 
name of the particular gas in question would become known 
to him. New chemical elements have been discovered in 
this way. 
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Comparison of the Spectra of Incandescent Oases with 
the Solar Spectrum. — Laboratory experiments show the posi- 
tions of the spectral lines characteristic of each gas or vapor. 
The positions of the dark lines in the solar spectrum are 
also known with accuracy. It is found that nearly every 
one of the thousands of dark lines of the solar spectrum 
has a position corresponding exactly to that of some one 
of the lines of some gas or of the vapor of some metal. For 
example, the vapor of iron has over 400 lines, whose posi- 
tions are accurately known. In the solar spectrum there 
are 400 lines whose positions precisely correspond to the 
lines of iron vapor. The same is true of many other 
substances, hydrogen, sodium, potassium, magnesium, 
nickel, copper, etc. etc. 

From this it is inferred that the sun's atmosphere con- 
tains the metal iron in an incandescent state, as well as the 
vapors of the other substances named. 

Let us see the process of reasoning which ledKiRCHHOFF 
and BuNSEN" (1859) to this interpretation of the observation. 

We have seen (Part II., Chap. II.) that the sun is com- 
posed of a luminous surface, the pliotosphere, surrounded 
by a gaseous envelope. The photosphere alone would give a 
continuous spectrum (with no dark lines). The gaseous 
envelope will absorb the kind of light that it would itself 
emit. The absorption is only selective, and it is character- 
istic. If a solid incandescent body were placed in a labo- 
ratory and surrounde4 by the vapors of iron, hydrogen, 
sodium, etc., we should see the same spectrum that we 
do see when we examine the sun. 

The kind of evidence is easily understood from the fore- 
going. Only the spectroscopist can fully appreciate the 
amount of it. The resulting inference that the sun's 
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atmosphero contains the vapors of the metals named is 
certain. These vapors exist u7icomhined in the sun's at- 
mosphere. The temperature and the pressure are too high 
to allow their chemical comhination. 

EESTJLTS of SPECTBOSCOPIC OBSEBTATIOVg. 

The Sun. — The rays which come from the edges of fhe 
Kun give lines more marked and definite than those from 
the centre. 

Tliis shows tliat rays from the limb traverse a greater 
thickness of the absorbing layer. In Fig. 36, suppose SE 
to be the sun's radius, and 8 M to he the radius of ^ his at-' 
niosi)here. A person stationed beyond M looking at the 
sun along the lines E'M' and /SJIf would see the centre of 
tlie sun's disk by means of a ray which had traversed the 
distance S M — SE only; while the ray from the edge 
E' would have traversed a greater distance and would have 
suffered a greater absorption. The sun^s absorbing atmos- 
pliere (** reversing hiyer ") is very thin, about 2000 kilo- 
metres * only. 'J'liis layer is seen for an instant only, at the 
beginning and end of a solar eclipse. The spectroscopic ex- 
amination of sun-si)()ts confirms what has already been said 
of them (Part IL, Chapter II.). 

The solar protuberances are now daily studied- by the 
spectroscope at various observatories. An explanation of 
the method of viewing them, etc., is given on pp. 215, 21& 

The Stars. — The spectroscopic examination of stars (and 
star clusters) shows the fixed stars to be bodies of the same 
general nature as our sun. Not only have the elements oom- 
l^osing many of the fixed stars been determined by the 
spectroscope, but the velocity of the motion of stars towards 
or from the earth has been fixed. (See pp. 309-311.) 

» About 1200 miles. . . . : 
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Comets and Nebulse. — The spectra of comets and nebulae 
are also studied, and the principal results of observation 
are given on pp. 276, 277, and 309. 

The Planets. — The physical constitution of the planets as 
revealed by the spectroscope is treated in Part II. > Chapter 
XL, pp. 261 to 264. 

The Moon. — The spectrum of the moon is simply an en- 
feebled solar spectrum without any lines of selective ab- 
sorption, which is one proof that the moon has no atmos- 
phere. 

Meteors. — The gases shut up in the cavities of meteoric 
stones have been spectroscopically examined, and they show 
the characteristic comet spectrum. This gives a new proof 
of the connection between comets and meteors. 



DESCRIPTION AND MAPS OF THE CONSTELLA- 
TIONa 

Every intelligent person desires to posseae eomo kaow- 
ledge of the namoa and forms of the principal constella- 
tions. We theiefoj-e present a brief description of the 
more striking ones, illnstruted by figures, bo that tlie 
reader niuy be ublo to recognize them when he sees tht'm. 

We begin with tlio constellations near the pole, bocaune 
they can be seen on any clear night, vhile the ecu them 
ones can, for the most pait, only be seen during i^ei'taiu 
Gcasons, or at certain hours of the night. Figare 97 s]i4 
all the stare within 50° of the pole down to the 
magnitude inclusive. The Eoman numerals ai-onnd 
margin show the menili^ins of right ascension, om 
every hour. In order to have the map represent 
northern constellations exactly as they are, it mnst 
held '80 that the hour of sidereal time at whioli the obsoi 
is looking at the heavens shall be ut the top of the mi^ 
Supposing the observer to look at nine o'clock (moan solu 
time) in the evening, the months around the margin of 
the map show the regions near the zenith. He has there- 
fore only to hold the map with the month upward and face 
the north, wlien he will have the northern heavens as they 
appeur, except that the stais near the bottom of the map 
may be cut off by the horizon. 

The first cpiistellatiga to be looked for U Ursa Ma/foTt 





Tia. 97.— Mir o** 



^B» NOKTHKSi* COBBTIUATIO""- 
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the Oreat Bear, familiarly known as "the Dipper.** The 
two extreme stars in this constellation point toward the 
pole-star, as already explained in the opening chapter. 

Ursa Minor, sometimes called " the Little Dipper,** is 
the constellation to which the pole-star belongs. About 
IS'' from the pole^ in right ascension XV hoars, is a star 
of the second magnitude, /3 Ursa MinoriSy about a^ bright 
as the pole-star. A cuiTed row of three small stars lies 
between these two bright ones, and forms the handle oi 
the supposed dipper. . 

Cassiopeia, or " the Lady in the Chair^** is near hoar I 
of right ascension, on the opposite side of the pol^jtar 
from Ursa Major y and at nearly the same distance^. The ! 
six brighter stars are supposed to bear a rude resemblaiM^ . 
to a chair. 

In hour III of right ascension is situated the oonateB^' 
lion Perseus, about 10° further from the pole thiu '^o^ ■ 
siopeia. The Milky Way passes through these two con- 
stellations. 

DracOy the Dragon, is formed principally of a long row 
of stars lying between Ursa Major and Ursa Minor^ The 
head of the monster is formed of the northernmost three 
of four bright stai's arranged at the corners of a lozenge 
between XVII and XVIII hours of right ascension. 

Cepheus is on the opposite side of Cassiopeia from Per- 
seus , lying in the Milky Way, about XXII hours of right 
ascension. It is not a brilliant constellation. 

Other constellations near the pole are CatnelopardaUs, 
LynXy and Lacerta (the Lizard), but they contain only 
small stars. 

Figure 98 shows the equatorial stars situated between 80* 
north and 30° south declination. The forms of the con- 
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stelliitions arc indicated by dotted lines. The figures of 
men and animals with which the ancients covered the sky 
are omitted. The Latin name within each boundary is the 
name of the constellation. The Greek letters serve to 
name the brightest stars (p. 29:J). The parallels of decli- 
nation (for every 15°) and the hour-circles (every hour) are 
laid down. 

The magnitudes of the stars are indicated by the sizes 
of the dots. To use these maps it must be remembered 
that as you face the south greater right ascensions are on 
your left hand, less on your right. The right ascensions 
of the stars immediately to the south between 6 and 7 p.m. 
are : 

For January 1, 1 hour; For July 1, 13 hours; 

February 1, 3 " '' August 1, 15 

March 1, 5 '\ " September 1, 17 

April 1, 7 '' " October 1, 19 

'' May 1, 9 " '' November!, 21 

June 1,11 " *' December J, 23 



i6 



6i 



By remembering these precepts, and by i racing the 
alignments of the brighter stars, the map cap \>q used to 
identify every constellation marked on it. 



QUESTIONS FOR REVIEW. 



Note. — It may sometimes be useful to the teacher, and it will 
always be so to the student, to refer to the following questious,wbich 
may suggest new ways of testing the knowledge gained by the read- 
ing of each lesson. It is not here attempted to set down all, or any 
great part, of the questions which each topic niny suggest; but only 
to give such as are most essential and important. 

If the student finds that he has an answer in clear and definite 
English for each of the questions given here, he may be sure that 
he has comprehended the explanations of the text. And he should 
not leave any topic until he does so. 

Page 1. — Define Astronomy. With what other sciences is As- 
tronomy intimately connected? 

Page 2. — Name some of the problems which Astronomy solves for 
you. 

Page 3. — Wiiat is an angle? 

Page 4. — What is the unit-angle? The radius of any circle is 
equal to how many degrees? minutes? seconds? 

Page 5. — Explain what we mean by saying that the radius of a 
circle (i e., a line) is equal to 57°. 3 (i.e., the divergence of two lines). 

Knowing the distance of a heavenly body in miles, and its angular 
diameter in seconds, how can you compute its real diameter in 
miles? Mention some familiar object whose angular dimensions are 
half of r. 

Page 6.— Give an example of an angular distance of 5°. 

Page 7. — Say what relations exist between the planes of two great 
circles and their respective poles. 

Page 8.— How small may the angular dimensions of an object be 
which is just visible to the naked eye? Uow could you determine 
this limit for yourself? (N. B. — If a body is indefinitely brighter than 
its background the above limit does not apply.) Define the latitude 
of a place on the earth's surface. 

Page 9. — Define the longitude of a place. 

Page 10. — Define the difference of longitude of two places. 

Page 12. — How many inches in a metre? How many miles in a 
kilometre? How many pounds in a kilogramme? 

Page 13. — What is the shape of the earth? How do you know? 
What is its size? How do you know? 

Page 14. — What is the celestial sphere? Do you ever think of the 
stars being outside of it and shining through it? Then its radius is 
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conceived by you as greater than tbe distance of any star. Do the 
relative positions of stars on tlie celestial sphere vary? For example, 
did tbe seven stars of tbe Great Bear appear to tbe eye to be in tbe 
same relative position as now, wben Moses led tbe Israelites tbrough 
the wilderness? 

Page 15. — In respect of tbe distance of tbe fixed stars, can you 
consider the eartb as a point? That is, are their configurations dif- 
ferent at Lisbon and New York? 

Page 16. — Define tbe celestial sphere. Define tbe prelection of a 
star. What is tbe apparent position of a body? If tue obsenrer 
changes bis place will the apparent position vary? Draw Fig. 4, sup- 
posing the observer at q and everything else tbe same. 

Page 17. — What is the horizon of an observer? Could you conceive 
a horizon without specifying an observer's place? What isaTertiod 
line? If you had a string and a bunch of keys, how could you use 
them to show the vertical direction at your station? Is this aireetion 
the same 'with respect to each observer, no matter where he is situ- 
ated? Do you suppose this direction is absolutely the same in space, 
for two observers 1000 miles apart? What is the zenith of an ob- 
server? 

Page 18. — His nadir? Have tbe words zenith and nadir any mean* 
in^ if no observer or station is supposed? When you assume a 
point in space as the zenith of an observer, is his place on the euth 
fixed? When you assume the place of an observer on the earth, is 
bis zenith a determinate point? Or may it be two points? What is 
a vertical circle? How many are there? Has every star some ver- 
tical circle of every observer through it? No matter where the ob- 
server is? What is a body's altitude? its zenith distance? In an- 
swering these two questions, did you say its angula/r distanoe 
from, etc.? 

Page 19. — What is a body's azimuth ? What is an observer's prime 
vertical? Are its poles in the horizon of that observer? What are 
tbe names of these poles? What are co ordinates in general? How 
many are needed to fix the direction of a star from an observer? 
Will one do? For example, tbe altitude of tbe sun is 10**; can you 
point at it? At the same time its azimuth is 50" from South towards 
West. Now can you point at it? If tbe sun is there, is it morning 
or afternoon? Is it winter or summer, do you suppose? 

Page 20. — How many co-ordinates will fix the absolute place of a 
body in space? What do two co ordinates fix? Does an obeerver'B 
horizon move as tbe observer moves round with tbe earth's rotalioa? 
Does the east edge of his horizon sink down or rise up? What makes 
the stars rise? 

Page 21. — What makes them set? What is the diurnal motion? 
What is tbe axis of the eartb? its poles? the poles of the celestial 
sphere? the plane of the equator? 

Page 23. — What two points of tbe celestial sphere have no l^ppar- 
ent diurnal motion? How can you find Polaris f 

Page 24. — Is it exactly at tbe North Pole? 

Page 24. — How great is its altitude in tbe United States, about? 
In England? In Norway? What is a star's north polar distance? 
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Page 25. — State three laws of the apparent diurnal motion. What 
is a star's diurnal orbit? Has the sun a diurnal orbit? If a star and 
the sun have the same apparent position on Jan. 1, will they have 
the same apparent diurnal orbit on that day? Six months after* 
wards, the sun has moved near to some other star; these two bodies 
have now the same diurnal orbit. Does the sun have a different 
diurnal orbit every day ? What stars are always visible to a particular 
observer? 

Page 26. — What is the culmination of a star? Is it a point or an 
instant? 

Page 27. — What stars are always invisible to a particular obser- 
ver? What is an observer's meridian plane? What points does it 
contain? As different observers have different zeniths, can they 
have the same meridians in general? What is the terrestrial meridian 
of an observer? His celestial meridian ? 

Page 28. — What is meant by the meridian of Moscow? Draw a 
figure which will show the circumstances of the diurnal motion to a 
spectator at the earth's North Pole. Draw one for the South Pole. 

Page 29. — Draw one for the Equator. 

Page 31. — The latitude of any observer is measured by some co- 
ordinate of the celestial pole; which co-ordinate ? 

Page 32. — In the equation N. P. D. of zenith = 90^ — q) give 
different values + and — to <?>, as + 10% + 20° . . ., ~ 10°, — 20° 
. . ., and see what N. P. D. of zenith becomes. Draw a diagram 
which will give the circumstances of the apparent diurnal motion 
for a spectator in + 10°, -f 20° . . ., - 10°, - 20° . . ., of latitude. 
How does the zenith of an observer move with the earth's rotation? 

Page 35.^ — What is the transit of a star? 

Page 36. — Does the sun rise at a different absolute instant to ob- 
servers in London and New York? At which place does the sun 
rise earlier? 

Page 37. — What are hour circles? 

Page 39. — Name several of the systems of co-ordinates in use. 
What is the hour-angle of a star? 

Page 40. — Name a system of co-ordinates which is independent of 
the diurnal motion? What is a star's right-ascension? 

Page 41. — What is a star's declination? How is the latitude of a 
place measured in Astronomy? Note the various definitions of 
latitude which have been successively given, pages 8, 31, and 41. 

Page 42. — Describe the various systems of co-ordinates of stars. 
What are the co-ordinates of an observer? Draw a figure which will 
show the circumstances of the diurnal motion of a star at the N. P. D. 
of 66^°, 90°, and 113i° to an observer at 45° north latitude. The sun 
has these N. P. D.'s on June 21, March 21, and December 20 of each 
year. At what time of the year is the diurnal orbit of the sun most 
inclined to the horizon of that observer? 

Page 43. — Define a sidereal day. 

Page 44. — What is the hour-angle of a star at its culmination? 
When it has moved 30° westwards? What is the hour-angle of a 
star whose N. P. D. is 90°, when it is setting? Rising? On the lower 
meridian? The right-ascension of an observer's meridian is equal to 
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the bour-aDgIc of wbat point? Observe that in Fig. 18 the Une OV 
or the an^le C/PF measures the sidereal time at the instaut chosen 
for making the picture. 

Page 45. — Wliat is a sidereal clock? At wbat instant do its hands 
point to 0*" 0*° 0*? What point is on the meridian at that moment? 
What is apparent solar time? What instrument shows apparent 
solar time? Why do we not use this time in ordinary life? Observe 
that in Fig. 18 if ^ is the sun, CPB is the apparent solar time, VPB 
is the right-ascension of the sun, and CPvia the sidemd time. 
The right ascension of the sun at any moment can be found from the 
Nautiml Almanac (p. 79). Hence, if we have either the sidereal 
or the solar time we can find the solar or sidereal time. What 
is mean solar time? What instruments keepthiskind of time? What 
is a mean solar day? If the sun sets at t^ 10», how long a day* 
light do we have? \An». \4^ 20°", about.] If the sun rises at (P> 0*, 
how long a night do we have? [A'M, lO** 12™, about.] 

Page 46. — Observe that the whole problem of finding the time 
(either sidereal, apparent, or mean solar) is reduced to determining 
the hour-angle of some point. What points are used? 

In the triangle Zenith— Pole— Sun — or Star iZPS^ we have to 
determine the angle at P. ZP is 00*' minvsihQ latitude; Z8jbW 
minus the altitude; PS is 90° minus the declination. The anffle ZPS 
is the time; sidereal if /Sis the vernal equinox, apparent its is the 
true sun, mean solar if S is the mean sun. ZP is known when the 
latitude is known; ZScBxi be measured; PS can be found from the 
Nautical Almanac when the Greenwich lime is known. 

The sun moves among the stars. Which way? — west to east^ or 
east to west? Which way does it appear to move by the diurnal 
motion? 

Observe that to any particular spectator, the direction west-east is 
fixed by the direction of the sun's apparent diurnal orbit. 

To an observer at the North or South Poles there is no direction 
west-east. Hence, in general, we must define tlie direction west east 
by the direction in which the sun moYes with rrfereneeUf the Jkoed 
stars. 

How fur does the sun move daily? How many of its own diame- 
ters? Which is longer — a sidereal or a solar day? • 

Page 47. — What is local time? At a given instant is the local time 
of Boston later or earlier than that of Denver? 

Up to 1883, in the United States, each large citj, as Boston, New 
York, Washington. Ciiicago, used Its own local time. Small places 
near the large cities adopted the local time of the latter. Cities 
along railways generally used the standard time of the railway. 
Since November, 1888. this has been changed. All of the railways 
in the United States have agreed to adopt as their standard times 
that of one of the following meridians: 

I. 5\ west of Greenwich ; Eastern Time. 

II. 6\ " " " Central Time. 

III. 7»». " " ** Mountain Time. 

IV. 8\ *' " " Pacific Time. 
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I. is about Philadelphia local time; II. is about New Orleans local 
time; III. is about Denver time; IV. is about Sticramento time. 

Places between two meridians commonly choose one or the other, as 
may be most convenient. The consequence is that from henceforth 
all watches and clocks in tlie United States should indicate the same 
minute and second. Tlie hour alone can differ. Not only tliis, all 
ships of England, Russia, and America, and many of other nations, 
keep their chronometers to Greenwich time. All England and 
Scotland are governed by Greenwich time. And the International 
Geodetic Congress has adopted Greenwich time for all International 
, purposes. 

Page 49. — At an instant of time it is Monday noon at London ; 12 
hours later it is Monday midnight at London. What day is it in 170"* 
W. longitude at the last instant? What day is it in 270*" W. longi- 
tude? 

Page 52. — Define the difference of longitude of two places. De- 
scribe the method used by seamen for fixing their longitude. 

Page 53. — To determine the difference of longitudes of two places 
we must be able to do two things: I. Determme the local time of 
each place (this is done by astronomical observation). II. Compare 
the two local times (this is best done by telegraph ; it may be done by 
each observer noting the beginning of an eclipse; or for short dis- 
tances by noting the time of the bursting of a rocket, etc.). How 
can you determine the latitude of a place by observing a circumpolar 
star? Do you need to know its declination? Can you determine its 
declination? 

Page 54. — How does a sailor determine his latitude? 

Page 56. — What is the parallax of a star due to a change in the 
observer's station? What is the horizontal parallax? As the dis- 
tance increases how does the parallax change? 

Page 57. — What is the measure of the parallax of a body with 
reference to an observer? 

Page 58. — What is the annual parallax of a body? 

Page 59. — No star has a parallax greater than 1". The nearest star 
must be how far distant at least f 

How do YOU determine the diameters in miles of the various 
planets? What do you need to know to do this? The dimensions 
of the planets in the table page 199 were determined in this way. 

Page 60. — What two classes of instruments are used in Astronomy? 
Name the essential parts of a refracting telescope, and say exactly 
what each part does. 

Page 61. — What is the focus of an objective? 

Page 62. — Is the image in a refnicting telescope erect or inverted? 
How is it in a spy glass or opera-glass? The inversion is corrected 
in the latter instruments by a particular kind of eyepiece. How do 
you change the magnifying power of a telescope? 

Page 63. — Why is an objective made of two glasses? How does 
an objective increase the apparent brilliancy of an object? In what 
ratio does it do this? 

Pajge 66. — Draw Fig. 22, putting in the small plane mirror and the 
eyepiece, and indicating the course of a central and two extreme rays. 
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Page 67. — How does a telescope enable you to point on an object 
with precision? 

Page 69. — Define tlie correction and the rate of a clock. 

Page 71. — Draw a figure of a transit instrument Suppofle the 
west end of the axis was high; wliat effect would this have on the 
time of a star's transit? Suppose the axis was level, but the west 
end too far soutli ; wliat eifect would this have on the time of tranait 
of a soutli star? Of a star below the pole? 

Page 72.— By observing stars of Icnowii R. A.. whftt(»n you deter-^ 
mine? Having the clock correction and observing stars of unknown 
R. A., what can you determine? 

Page 73. — Having tlie nadir-reading for a meridian-circle, how can, 
you get the polar-reading, P? Or the horizontal-reading, 2/? * 

Having the readings P or // and the reading on a star, p, and the 
latitude of the place, q>, what is the north-polar distance of the start 
Suppose you did not know the latitude tp, how could you determine 
it? (See Fig. 15.) 

Page 74. — Suppose you knew the R. A. of one star = A\ how could 
you detei-mine tiie R. A. and N , P. D. of every other star visible in a me- 
ridian circle? Note, The R. A. we start with is that of the sun, whose 
R.A. is 0*'0°'0» at the vernal equinox, March 21. We know when it 
is at the vernal equinox, for then its declination changes from — to + 
(see Fig. 30). 

Page 76. — If we clamp the equsitorial telescope in declination, and 
move it on the polar axis, what kind of a path does the line of ellght 
mark out on the celestial sphere? Notice that an equatorial mount- 
ing is like that of an ordinary theodolite (Which is an flltitnde and 
azimuth instrument), in which we have tilted the (former) borisonial 
circle into the equator and made the (former) vertical axia 'point to 
the pole. . ■'..... 

Page 78. — The sextant determines the Z. D. of the sun. If tlie ran 
is on the meridian, this gives us the latitude; if the sun is distant 
from the meridian, it gives us one side of the triangle ZP6f(Zetiitb-<- 
Pole— Sun) ; the N. P. D. of the sun is known fr6m tlie ephemeris, tbe 
side ZP is known when, the latitude is known, and thiis the'homN 
angle of the sun ZPS can be computed, ' What is the angle ZPSf ' 

Page 82. — What is the solar system? What is the eattlPs(or-a 
planet's) radius- vector? Do the earth and sun move in the same di- 
rection or in opposite directions round the circles ih Fig; 29? ^ Loo)c 
at it in this way: suppose ABGD and EFGHib be two watch-dla]^ 
and 8A and 8E the hands. When 8A points to thertop, ^hich war 
does it move next — left or right? When '/S2^ points' to the top, whilcn 
way does it move next? Now the sun really does more ammig &e 
stars from west to east: hence the earth moves from west to ^ask^in 
its orbit. • " / * 

Page 84. — What is the ecliptic? 

Page 85. — What is the heliacal rising of a star? 

Page 86. — Define the geocentric and heliocentric place of a* star. " 

Page 87. — How is the place of the equinox determined by obeeific 
tion? ' ^ *. • 

Page 88. — Define the solstices; the equinoxes. 
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Page 90. — Define a sidereal year; a tropical (or equlDoctial) year. 
What is the Zodiac? Name the signs in order. 

Page 91. — How can you determine the obliquity of the ecliptic by 
observation ? The ancients did it by noting the length of the shadow 
of a gnomon. Draw a figure to show exactly what shadows were 
measured. At what times of the year were they measured? 

Page 94. — On what co-ordinate of the sun do the seasons depend? 
Draw a diagram showing the liorizon and the zenith of an observer, 
0, in 45** N. Lat., and the North Pole and the Equator. Assume 
two points on the meridian, A and B, one in N. P. D. 66^*, one in 
N. P. D. 113^''. The sun is at A at noon June 21, at B at noon 
December 21. Draw two parallel lines from A to 0, say an inch 
apart. They may represent the direction of the sun's rays June 21. 
They intercept on the horizon a certain distance, a. Draw two 
paraHel lines from B towards 0, at the same distance apart as the first 
pair. They will intercept a distance h on the horizon ; h> a. 
Therefore the same amount of sunlight is spread over a greater 
surface of the earth in December than in June. Hence each square 
foot is less warmed in December than in June. The seasons depend 
on the sun's N. P. D. only; not on the sun's distance. As a matter 
of fact, the sun is nearer us in December than in June. 

Page 95. — If the sun's meridian altitude at the summer solstice is 
2^, and at the winter solstice ^w, show that the altitude of the Equator 
is 8-\-w, the obliquity of the ecliptic «— w, and the latitude of the 
place 90"— a— w. 

Page 96. — In the Solar System there are three kinds of apparent 
orbital motions: 1st, of the sun and moon; 2d., of Venus and Mer- 
xjVLi^ ; 3d, of Mara, Jupii&f\ and Saturn. 

Describe each kind. 

What is direct motion? Retrograde? What is a planet's conjunc- 
tion? Elongation? 

Page 98. — Opposition? Inferior conjunction? Superior conjunc- 
tion? 

Page 99. — Inferior planets? Superior planets? 

Page 104. — What is a planet's periodic time? How would you go 
about determining the periodic time of Jupiter? 

Page 108. — Define an ellipse. Draw one. 

Page 109. — State Kepler's laws. 

Page 110. — What was the order of discovery of the true theory of 
the Solar System? 

Page 112. — ^In Fig. 13 suppose P to be the North Pole of the ecliptic 
WOE, the sun being at 0. Let WZE be the orbit of a planet, and 
W its ascending node. Z may represent the perihelion and n the 
aphelion. If Fis the vernal equinox, VG is the longitude ofthepeH- 
helion. If the planet is at the intersection of PB and WZ at the 
epoch, VB is the longitude at epoch. CZ measures the inclination. 
860**- FTTis the longitude of the node. 

Page 113. — Give a sketch of the history of the development of 
ideas concerning the laws governing the motions of the planets. 

Page 115. — State Newton's Laws of Motion. 

Page 116. — Show how the idea of a force varying inversely as the 
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square of the distance mij^bt have been suggested by a body moTing 
in a circular orbit. 

Page 119. — State Newton's law of universal gravitation. 

Page 121. — Did Newton discover gravitation? Does gravitation 
extend to the moon? How much furmer do we know it to extend? 

Page 123. — Do the satellites of Jvpiter obey Eefi;bb*8 laws? 

Page 125. — What hour of the day does the full moon rise? the 
new moon ? the moon in the 8d quarter? How many degrees a day 
does the moon move? How many of her own angular diameters? 
Has she ever a retrograde motion? 

Page 126. — It is high tide at longitude 0°; where else is it high 
tide? At what longitudes is it low tide? What is the intend be- 
tween two successive high tides due to the moon? to the sun? Wliat 
are spring tides? neap tides? 

Page 129. — What is an eclipse? The student should etmsirue^0n 
Fig. 40) the portion of the sun seen by an observer in various parts of 
the spaces uBP&m\ OBF bv drawing lines from the obsierver's sta- 
tions tangent to BB and prolonging these lines to the left. The ob- 
server will see all of DD' not covered by BB, 

Page 131. — What are the circumstances which determine whether 
the moon will be eclipsed at any ^iven full moon? 

Page 132. — Why is the moon visible at the middle of a total lunar 
eclipse? Why is she reddish in color? Why do we not have all the 
brilliant colors of sunset every day at noon? 

Page 188. — Describe the regions of total eclipse; of annular eclipee; 
of partial eclipse of the sun. 

Which direction does the moon's shadow move in an eclipee? 

At any given place on the earth an observer sees more partial 
eclipses of the sun than total ; why? He also sees more lunar eclipees 
than solar; why? 

Page 136. — Why do we not have a solar eclipse every new moon 
and a lunar eclipse every full moon? 

Page 137. — Explain the ecliptic limits. 

Page 139. — The recurrence of eclipses depends on what three longi- 
tudes? 

Page 140. — What is the Sarosf Remember that it Is all veiy eti^ 
to understand this now ; we have the datA and can attack tiie prob- 
lem directly. It was a different matter to the ancients, and the dis- 
covery of the iSaros was perhaps the most brilliant feat of the ancient 
Astronomy. 

State the conditions favorable to a long totality in a solar edlpw. 

Page 141. — Show from Fig. 39 that occultations of stars begin at 
the dark limb between new and full moon, and at the bright limb 
from full to new moon. 

Page 142. — What is the mass of a body? What is the unit nms? 
the unit density? the weight of a body? The weights of two bodlci 
at the same place on the earth bear what relation to their masaea? 

Page 145. — How do you determine the density of the earth by ez* 
periment? 

Page 146. — How does a hollow shell attract a particle oataidfl ill 
surface? Within the shell? 
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Page 148. — Show under what conditions the force of gravity may 
be greater within the earth than at the surface. 

Page 149. — Wliat is the cause of the present spheroidal shape of 
the earth? Wliat do we mean by the figure of the earth? 

Page 150. — Describe the method of triangulation. What is it for? 

Page 151. — Tlie metre was intended to be what fraction of the 
earth's quadrant? Is it so? In fact the metre, Hlie the yard, is to 
be defined as the distance between two scratches on a particular bar 
of metal when the latter has a certain temperature. It is no more a 
natural standard than a yard. Its main advantages are a decimal 
division and iis relation to the units of weight and capacity. 

Page 153. — Define geocentric latitude. Define a sidereal year; an 
equinoctial (or tropical) year. 

Page 154. — Define the precession of the equinoxes. Does it alter 
the li. A.'s of stars? their longitudes? their latitudes? their declina- 
tions? Do the constellations remain in the same signs? (See p. 91.) 

Page 155. — Is the direction of the earth's axis constant? Will the 
same season always recur at similar points in the earth's orbit? Note 
that the obliquity of the ecliptic is practically constant. 

Page 156. — What is the cause of precession? 

The phenomenon of precession was known to the ancients. New- 
ton indicated its cause, but could not compute its exact amount from 
theory alone. This was done, however, before 1800. 

Page 158. — What are the units of mass and length used in Astron- 
omy? Sun = 1 and earth's mean distance = 1. 

Page 159. — Suppose Kepler's laws known and the periodic times 
of all the planets known. How can you determine their relative dis- 
tances from the sun? How can you determine their relative linear 
dimensions? 

Page 160. — What distances have you got to determine in order to 
express all these relative dimensions in miles? 

Page 162. — How do you determine the distance of the moon? 

Note that in Fig. 49 if you have 8' and S" given, and the angles 
Z"S"P and Z'S'P measured (moon's Z. D.) at the same instant, that 
there is only one point P answering to the conditions. Hence the 
problem is determinate. 

Page 163. — How do you determine the distance of the sun by a 
transit of Venus? What other ways are there? 

Page 165. — State the method invented by Artstarchus. 

Page 166. — Ptolemy's way depended on a determination of the 
dimensions of the shadow cone of the earth in a lunar eclipse. The 
size of this clearly depends on the sun's distance. 

Page 168. — State how the masses of the planets are determined. 

Page 169. — What is the true place of a star? 

Page 170. — Define the astronomical refraction. 

Page 172. — What is the amount of refraction at the zenith? at the 
horizon? What is twilight? It is principally due to reflection, not 
refraction. Twilight continues till tlie sun is about 18** hdow the Jwrizon 
in altitude (not in its apparent diurnal orbit). 

Page 174. — In Fig. 10 the diurnal orbit of the sun is perpendicular 
to the horizon. w%ile in Fig. 13 (lat. 34° N.) the diurnal orbits are 
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much inclined to the horizon. Hence the twilight will be shorter 
for the case sliown in Fig. 10. 

Page 175.— What is the proof that the velocity of* light is not in- 
finite? 

Page 177.— In Fig. 54 prolong BA towards the top of the figure to 
8f \ SAS is the angle of the aberration; it is about 20*. 

Page 178. — Define the aberration of light. In Fig. 54 suppose the 
point P to be on the line Biy and to the right of B^, 

The stiir is really at S and appears at §, hence it is displaced in 
the direction of motion BP. Draw the figure for the case where 8B 
is perpendicular to BP; SB is parallel to 8B, 

Page 180. — What are the natural units of time? 

Page 181. — How did the notion of the year arise? The tropical 
year was first known. 

Page 182. — Describe the various kinds of months; of years. 

Page 184. — The Metouic cycle = the Saros. Describe tbe Julian 
calendar. 

Page 185. — Old and new styles. The whole object of Pope Gbsg- 
oRT's reformation was to make the movable feasts of the Church recur 
at the same seasons of the year. They all dated from JBaster, and 
Easter was on the Sunday nearest the full moon first following the 
vernal equinox. It was a senseless reformation, and the whole object 
coiild have been better attained by adhering to the Julian calendar 
and fixing Easter Sunday as the second Sunday in April. 

Page 187. — How is the day divided? When does the civil day 
begin? Astronomers begin the day at noon. 

Page 188. — The sun's uppnrent diurnal orbit is parallel to the equa- 
tor. Is tlie sun's motion in 11. A. uniform? Is his motion in longi- 
tude uniform? If it were, would the motion in R A. be uniform? 
What kinds of days have we? Define mean time. Refinements in 
the using of time came in with the invention of accurate time- 
keepers — clocks and watches. 

Part II., pnge 190, — How may you classify the bodies of the solar 
system? Define planets; asteroids; comets. 

Page 193. — State Bode's Law. How much brighter than the moon 
is the sun ? 

Page 194. — Where is the centre of gmvity of the solar system? 
What is the best lime to look at Jupiter? M&rcnryt 

Pages 198, 199. — Head these tables over. Draw separate figures 
Avhich shall show, to scale, the relative mean distances of the planets; 
the longitudes of their perihelia; their inclinations; their dlameten 
at distance 1; their true diameters in miles; their density; the force 
of gravity at their surfaces; their orbital velocity in miles per aeooiid. 
[To do the last, for example, draw a vertical line 80 indies long; lay 
off from its lower end 3.36, 4.20, 5.95, 8.06. 14.99. 18.88, 21.61, 89.66 
inches in order. These lengths show the relative velocity of the 
planets.] 

Page 200. — Define the sun's photosphere; spots; rotation; facubs; 
chromosphere; protuberances; corona. 

Page 203. — Describe the photosphere; the distribution of light and 
heat over the disk 
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Page 204. — Why does not the earth receive all the light and heat 
from the suu? [earth's angular dimensions; the sun's atmosphere.] 

Page 205. — Cau we measure the heat received by the earth? 

Page 206. — Why can we not, then, compute the heat emitted? 

Page 206. — Or the solar temperature? Describe sun-spots. 

Page 207. — Sun-spots move across the disk from east to west. 
Prove tliat the suu really rotates from west to east. 

Page 208. — How may we determine the direction of the sun's ro- 
tation axis? the period of rotation? 

Page 210. — Show that the spots are depressions in the chromo- 
sphere. 

Page 211. — Describe the periodicity of sun-spots. 

Page 212. — Describe the pheaomena of a solar eclipse. 

Page 213. — Show how the prominences are observed, and 

Page 215. — Explain the reason why they can be seen. 

Page 216. — The spectrum of the corona shows it to be gaseous. 
How? 

Page 217. — What keeps up the sun's heat? Will it last forever? 
State the meteoric theory of the mainienancc of the sun's heat. If 
this heat is kept up by falling meteorites, the earth also would receive 
a larger number than it does. 

Page 218. — State the theory of the maintenance of the sun's heat 
by contraction^ 

Page 221. — Draw a figure to show the apparent motions of an in- 
ferior planet to an observer on the earth. 

Page 222. — Show that the inferior planets go through phases like 
our moon's. Note that the discovery of the phases of Venus by 
Galileo was the first striking proof of the truth of the heliocentric 
theory of the solar system. 

Page 224. — State what we know of the atmosphere and rotation of 
Mercury and Venus. 

Page 226. — Give the history of the supposed intra-mercurial planets. 

Page 228. — State the principal points of difference between the 
physical conditions of the moon and the earth. Recollect that the 
moon represents what the earth will one day become. 

Page 229. — A building the size of the Capitol at Washington is 
about of the dimensions of the least object visible on the moon. 

Page 231. — How can the heights of the lunar mountains be deter- 
mined? Has the moon an atmosphere? 

Page 282. — No doubt changes are taking place on the moon's sur- 
face : have any been observed? 

Page 234.— Draw a figure to prove that Mars has phases. Is it 
ever crescent? Describe what we know of the surface of Mars: its 
satellites. 

Page 235. — The diameters of the satellites are determined from 
measures of their brilliancy. 

Page 237. — Give what information you have in regard to the aster- 
oids, their origin, and their condition, dimensions, etc. 

Page 240.— Describe Jupiter, 

Page 241. — How do you explain the existence of the bands on his 
surface? 
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Pa^e 242.— How is bis rotntion-timc determined? 
pjigo 243. — Draw figures whicli will show the plienonieDa pre- 
Konted to an ob.servcr on the earth by JnpUer*% satellites (a) before 

opnoKition; (/>) at opposition; (c) after oppositioD. 

Page 245. — How can you determine differences of longitude by 
observations of Jttpiter's satellites? 

Page 246. — Di'Kcril)e the Saturnian system; and draw a perspectiye 
view and a plan of it. 

Page 250. — Draw a figure to show the phases of 8atum*» rfngai to 
an observtT on the sun. 

Page 252. — Show why there is reason to believe that one of Saium'g 
satellites always turns one face to Saturn, as our moon does to us. 

Page 253.— Give the history of the discovery of UranuM (1781). 

Page 254. — Say what we know of its satellites. 

Page 256. — Give the history of the discovery of Neptune (1846). 
Observe that the actual discrepancies between theory and observation 
were small, but that no less than six astronomers were engaged in a 
search for it by one means or another. 

Page 261. — Describe what (little) we know of the physical condi- 
tions of the planets, taking them in pairs. 

Page 265. — Describe the various kinds of meteors in our atmos- 
phere. 

Page 266 — If a body enters our atmosphere from outside with 
planetary velocity show how it would present the phenomena you 
iiave jUvSt described; and why. 

Page 268. — Ilow liigh does our atmosphere extend? 

Page 270. — Define the radiant point. Pay special attention to 
paire 270. It is easy for you to forget it. 

Page 372. — Show how we know that the comet of 1866 moves in 
the orbit of the November meteors. 

Page 273. — Did you ever see the Zodiacal Light? (which has been 
known since 1683.) What 7nay be its cause? 

Page 274. — Wlwit are the parts of a comet? 

Page 275.— What kind of an orbit does a comet move in? De- 
scribe the evolution of the vaporous envelopes. 

Page 276. — Describe the pliysical condition of a comet so far as we 
know it. * ' 

Page 278. — Wliat is the difference between periodic and "parabolic 
comets? 

Page 283. — Say what is known of a resisting medium in space. 

Page 285. — I-s the sun a specially important star (except to us)T 

Page 288. — Describe the appearance of the stellar system to the 
naked eye. 

Page 289. — About how many stars can be seen at one time? Wliat 
is the Milky Way? 

Page 290. — Wliat is it composed of? It is a great circle of the 
sphere, and this is why Kepler (correctly) supposed the sun to be in 
the plane of the galaxy. 

How are the stars divided as to brightness? How many stars of 
the first magnitude does it take to give the total brightness of lOstais 
of the second? 
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Page 291. — ^How were the stars named by the ancients? 

Page 292. — It is interesting to know that the outlines of the figures 
of men, animals, etc., forming the constellations of the ancients have 
not come down to us, except by descriptions ; and that Albert DOker 
drew the outlines now received as classic, from these descriptions. 

Describe Bayer's way of naming stars. 

Page 295. — How many stars are there from the 1st to the 9.5 mags, 
in the whole sky? Of these the stars individually invisible give tke 
greatest sum of light. Prove this. 

Page 296. — Define a variable star. Say how Mira and Algol vary. 

Page 297. — What are the principal deviations from a regular in- 
crease and decrease of. light in variable stars. 

Page 299. — Describe temporary stars. What may be the cause of 
variation in stars in general? 

Page 300. — In the case of Algol? 

Page 301. — In what two ways may double stars be formed? 

Page 302 — What are binary stars? Does gravitation extend to 
these stars? How do the masses of stars comjiare with that of our 
sun? 

Page 304. — Descril>e nebulae and star- clusters. 

Page 305. — At first, Hersciiel supposed all nebulae to be distant 
star-clusters merely. What was his reason for changing this opinion? 

Page 309. — Give the principal conclusions to be had from a study 
of the spectra of nebulae? clusters? fixed stars? 

Page 310. — How is the motion of stars in the line of sight deter- 
mined? 

Page 312. — What is the proper motion of a star? The progressive 
change in its position is due to two things: first, the star's proper 
motion; and, second, that of the solar system. How can these be 
separated? 

Page 316. — Give some account of the annual parallax of planets 
and of stars. 

Page 317. — In the table; recollect that the numbers are given for 
the nearest stars. For the average star, they would be much greater. 

Page 319. — Explain the method of star-gauging. 

Page 320. — Draw a figure which may explain an arrangement of 
the stars which would account for the pnncipal features of ihe Milky 
Way. 

Page 323, — Explain the three systems of cosmogony which have 
actually been held. 

Page 324. — What was the original state of the solar system accord- 
ing to the Nebular Hypothesis? State the reasons you have for be- 
lieving this. 

Page 326. — We may actually see bodies in the condition of glowing 
vapor — the nebulae. 

Page 327. — We can find such as have already condensed into one, 
two, or more nuclei. Do we know of any way by which the heat 
radiated by stars and the sun can be returned to them? 

Page 333. — Describe the optical property of a prism. 

Page 334. — Name the colors of the spectrum beginning with the 
most refrangible. 
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Page 335.— What is the action of a prism on white light? Whal 
are the Fuaueniiofkr lines? What is a spectroscope? 

Page 3:)7.-~IIow do we use it to examine the spectrum of the 
wliole sun? of a part of the sun? What is the spectrum of a solid? 
a li(iuidV a gas? 

Page 338— What is the relation between the wave-lengths of light 
al)S()rbe(l by a certain gas when cool, and emitted by the same gas 
when incandescent? 

Page 339. — How do we discover what substances are in the sun? 

Page 340. — State tlic principal results of spectroscopic observations 
of the 8UP' the stars; the comets; the nebuls; the planets; the 
moon; of nM»teors. 



INDEX. 



This index is intended to point out the subjects treated in the 
work, and further, to give references to the pages where technical 
terms are defined or explained. 



Aberration-constant, value of, 
178. 

Aberration of light, 174. 

Achromatic telescope described, 
63. 

Adams's work on perturbations 
of Uranus, 256. 

Atry's determination of the den- 
sity of the earth, 148. 

Algol (variable star), 296. 

Altitude of a star defined, 18. 

Angles, 3. 

Annular eclipses of the sun, 135, 

Apparent place of a star, 16. 

Apparent time, 45. 

Aristarchus determines the so- 
lar parallax, 165. 

Asteroids defined, 191. 

Asteroids, number of, 225 in 
1882, 238. 

Astronomical instruments (in 
general), 60. 

Astronomy (defined), 1. 

Atmosphere of the moon, 231. 

Atmospheres of the planets. See 
Mercury, Venus, etc. 

Axis of the earth defined, 21. 

Azimuth defined, 19. 



Bessel's parallax of 61 Cygni 

(1837), 315. 
Binary stars, 302. 
Bode's law stated, 193. 
Bond's discovery of the dusky 

ring of Saturn, 1850, 250. 
Bouvard on Uranus, 256. 
Bradley discovers aberration in 

1729, 176. 
BuNSEN, 339. 

Calendars, how formed, 182. 
Cassini discovers four satellites 

of Saturn (1684-1671), 852. 
Catalogues of stars, general ac- 
count, 79. 
Celestial sphere, 14. 
Centre of gravity of the solar 

system, 194. 
Chronology, 180. 
Chronometers, 68. 
Clarke's elements of the earthy 

152. 
Clocks, 68. 
Clusters of stars, 808. 
Comets, general account, 274. 
Comets' orbits, 277. 
Comets' tails, repulsive force, 

277. 
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Comets, their physical coostitu- 
tion, 276. 

Comets, their spectra, 277. 

ConjuDctioQ (of a planet with 
the sud) defined, 97. 

Constellations, 288, 342. 

Construction of the heavens, 317. 

Co-ordinates of a star, 19, 37. 

Copernicus, 103. 

Correction of a clock defined, 69. 

Cosmogony, 322. 

Corona, its spectrum, 216. 

Day, how subdivided into hours, 
etc., 187. 

Days, mean solar and solar, 46. 

Declination of a star defined, 41. 

Distance of the fixed stars, 314. 

Distribution of the stars, 318. 

Diurnal motion, 21, 22. 

Dominical letter, 186. 

Donates comet (1858), 281. 

Double (and multiple) stars, 301. 

Earth, general account of, 142. 

Earth's density, 142. 

Earth's dimensions, 151. 

Earth's mass, 142. 

Eclipses of the moon, 131. 

Eclipses of sun and moon, 129. 

Eclipses of the sun, explanation, 
132. 

Eclipses of the sun, physical 
phenomena, 212. 

Eclipses, their recurrence, 136. 

Ecliptic defined, 84. 

Elements of tlie orbits of the ma- 
jor planets, 198. 

Elongation (of a planet) defined, 
97. 

Encke's comet, 283. 

Encke's value of the solar paral- 
lax, 8". 578, 166. 



Epicycles, their theory, 103. 
Equation of time, 188. 
Equator (celestial) defined, 81. 
Equatorial stars, 844. 
Equatorial telescope, 74. 
Equinoxes, 87. 
Eye-pieces of telescopes, 68. 
Fabbitiub observes solar spots 

(1611), 207. 
Figure of the earth, 148. 
Fraubnhofbr's Experiments 

with the Prism, 885; Lines^ 

335, 837. 
Future of the solar system, 888^ 
Galaxy, or milky way, 819. 
Galileo observes solar spots 

(1611), 207. 
Galileo's discovery of satellites 

of Jupiter (1610). 840. 
Galle observes Neptune (1846X 

259. 
Gases, spectra of incandescent 

338; in meteoric stones, 841. 
Geodetic surveys, 150. 
Golden number, 184. 
Gravitation extends to stars, 808. 
Gravitation resides in each par- 
ticle of matter, 119. 
Gravitation, terrestrml, 148. 
Greek alphabet, 11. 
Gregorian calendar, 186. 
Halley predicts the return of a 

comet (1682), 279. 
Hall's discovery of satellites of 

Mars, 235. 
Hansen's value of tlie solar par- 
allax, 8'. 92, 166. 
Herschel (W.) discovers two 

satellites of Saturn (1789), 808. 
Hekschel (W.) discoYers' two 

satellites of Uranus (1787), 85ii 
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Herschel ( W.) discovers Uranus 
(1781). 253. 

Herschel's catalogues of nebu- 
lae, 305. 

Herschel's star-gauges, 318. 

Herschel (W.) states tbat the 
solar system is in motion (1783), 
312. 

Herschel's (W.) views on the 
nature of nebulae, 305. 

HiPPARCHUs discovers preces- 
sion, 153. 

H coke's drawings of Mars 
(1666), 234. 

Horizon (celestial — sensible) of 
an observer defined, 17, 20. 

Hour angle of a star defined, 39. 

HuGGiNs' determination of mo- 
tion of stars in line of sight, 
310. 

HuGGiNS first observes the spec- 
tra of nebulae (1864). 309. 

HuYGHENS discovers a satellite 
of Saturn (1655), 252. 

HuYGHENS discovers laws of 
central forces, 116. 

HuYGHENs' explanation of the 
appearances of Saturn's rings 
(1655), 248. 

Inferior plnnets defined, 99. 

Intramercurial planets, 226. 

Janssen first observes solar pro- 
minences in daylight, 213. 

Julian year, 184. 

Jupiter, general account, 240; ro- 
tation-time, 242; satellites, 243. 

Kant's nebular hypothesis, 323, 

Kepler's laws enunciated, 109. 

KiucHHOFP, 339. 

Laplace's nebular hypothesis, 

323. 



Laplace's investigation of the 
constitution of Saturn's rings, 
252. 

Laplace's relations between the 
mean motions of Jupiter's satel- 
lites, 243. 

Lassell discovers Neptune's sat- 
ellite (1847), 260. 

Lassell discovers two satellites 
of Uranus (1847), 254. 

Latitude (geocentric — geogra- 
phic) of a place on the earth de- 
fined, 8, 31, 41, 152. 

Latitude of a point on the earth 
is measured by the elevation of 
the pole, 31. 

Latitudes and longitudes (celes- 
tial) defined, 95. 

Latitudes (terrestrial), how deter- 
mined, 53. 

Le Verrier computes the orbit 
of nietoric shower, 271. 

Le Verrier's researches on the 
theory of Mercury, 226. 

Le Verrier's work on perturba- 
tions of Uranus, 257. 

Light-gathering power of an ob- 
ject-glass, 63. 

Light-ratio (of stars) is about 2.5, 
295. 

Line of coUimation of a telescope, 
71. 

Local time, 47. 

Lockyer's discovery of a spec- 
troscopic method, 216. 

Longitude of a place, 9, 10. 

Longitude of a place on the 
earth (liow determined), 50, 52. 

Longitudes (celestial) defined, 
95 

Lucid stars defined, 289. 
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Lunar phases, nodes, etc 89$ 
Moon's phases, nodes, etc. 

Magnifying power of an eye- 
piece, 65. 

Major planets defined, 191. 

Maps, <)f the stars, 294, 333, 344. 

Mars, physical description, 338. 

Mars's satellites discovered by 
Hall (1877), 235. 

Maskelynk detcnnines the den- 
sity of the earth, 145. 

Mass of the sun in relation to 
masses of planets, 167. 

Mean solar time defined, 45. 

Mercury's atmosphere, 244. 

Mercury, its apparent motions, 
221. 

Meridian (celestial) defined, 27. 

Meridian circle, 72. 

Meridians (terrestrial) defined,27. 

Melon ic cycle, 183. 

^leteoric showers. 269. 

Meteoric stones, gases in, 341. 

Meteors and comets, their re- 
lation, 271. 

Meteors, their cause, 265. 

Milky Way, 289. 

Milky Way, its general shape ac- 
cording to IIerschel, 319. 

Minor planets defined, 191. 

Minor planets, general account, 
237. 

Mira Ceti (variable star), 296. 

Months, different kinds, 182. 

Moon, general account, 228. 

Moon's light Tx^fVrnr ^^ suns, 232. 

Moon's phases, 123. 

Moon's parallax, 161. 

Moon, spectrum of the, 341. 

Moon's surface, does it change? 
232. 



Motion of Stan In the line of 

Bight, 810. 
Nadir of an obeeryer defined, 18. 
Nautical almanac described, 79. 
Nebulffi and clusters in general, 

804. 
Nebulffi, tbehr spectra, 809. 
Nebular hypothesis stated, 888. 
Neptune, discovery of, by Lb 

yERBmB and Adams (1848), 

256. 
Neptune, general account, 8S8. 
Neptune's satellUe, 800. 
New stars, 298. 
Newton (L) Laws of Force, 116; 

calculates orbit of comet of 

1680, 280; Spectrum Analysis 

experiments, 884 
Objectives, or object-glasses, 60. 
Obliquity of the ecliptic, 91. 
Occultations of stars by the moon 

(or planets), 140. 
Olbebs'b hypothesis of the ori- 
gin of asteroids, 889. 
Olbers predicts the retamof a 

meteoric shower, 909. 
Old style (in dates), 188. 
Opposition (of a planet to the 

sun) defined, 85. 
Parallaz (horizontal) daUm^^ OQ. 
Parallax (in general) defined, 60. 
Parallax of tlie sun, 161. 
Parallax of the stars, general ao- 

count, 314. 
Parallel sphere defined* 88. 
Penumbra of the earth's or mooi&Vl 

shadow, 131. 
Photographic 8tar-chartB» 7% 888L 
Photosphere of the snn, 90L 
PiAzzi discovers the flnt aatatold 

(1801), 287. 



INDEX. 



365 



Planets, their relative size exhib- 
ited, 191. 

Planetary nebulae defined, 306. 

Planets; seven bodies so called 
bj the ancients, 81. 

Planets, their apparent and real 
motions, 96. 

Planets, their physical constitu- 
tion, 261. 

Poles of the celestial sphere de- 
fined, 21. 

Pouillet's measures of solar ra- 
diation, 205. 

Practical astronomy (defined), 78. 

Precession of the equinoxes, 153. 

Prime vertical of an observer de- 
fined, 19. 

Prism, The, 333. 

Problem of three bodies, 119. 

Proper motions of stars. 312. 

Proper motion of the sun, 312. 

Ptolemy determines the solar 
parallax, 166. 

Radiant point of meteors, 270. 

Radius vector, 107. 

Reflecting telescopes, 66. 

Refracting telescopes, 60. 

Refraction of light in the atmos- 
phere, 169. 

Resisting medium in space, 281. 

Reticle of a transit instrument, 
71. 

Retrogradations of the planets 
explained, 100. 

Right ascension of a star defined, 
40. 

Right ascensions of stars, how 
determined by observation, 72. 

Right sphere defined, 29. 

RoEMER discovers that light 
moves progressively, 175. 



Rosse's measure of the moon*s 

heat, 232. 
8aro8 (the). 140. 
Saturn, general account, 246. 
Saturn's rings, 248. 
Saturn's satellites, 252. 
Seasons (the), 92. 
Secchi, on solar temperature, 

206. 
Semidiameters (apparent) of ce- 
lestial objects, 59. 
Sextant, 76. 

Sidereal time explained, 43. 
Sidereal year, 153. 
Signs of the Zodiac. 90. 
Solar corona, etc. See Sun, 
Solar corona, extent of, 213. 
Solar cycle, 185. 
Solar heat, its amount, 204. 
Solar motion in space, 312. 
Solar parallax, history of attempts 

tc determine it, 165. 
Solar parallax probably about 

8" -81, 168. 
Solar prominences gaseous, 213. 
Solar system, description, 190. 
Solar system, its future, 220. 
Solar tempeniture. 206. 
Solstices, 94. 
Spectroscope, The, 335. 
Spectroscopic observations, 340. 
Spectrum Analysis, 333. 
Spectrum of Solar prominences. 
214; Solar corona, 216; Lunar, 
341; Mercury and Venus, 262; 
Nebulae and Clusters, 309; 
fixed Stars, 309; as indicating 
motions of stars, 310; Solids 
and Gases, 336; Solar, 336. 
Star-clusters, 808. 
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Star-gauges of Herschel, 818. 

Stars — bad special names 8000 
B.C., 291 ; magnitudes, 290, 846; 
various magnitudes, how dis- 
tributed, 294; parallax and dis- 
tance, 314; about 2000 seen, by 
the naked eye, 291; proper 
motions, 312; spectra, 810, 
840; map of the northern, 848; 
map of the equatorial, 844* 

8truye*s (W.) parallax of alpha 
Lyra (1838). 815. 

Summer solstice, 88. 

Sun*s apparent path, 86. 

Sun's Atmosphere, 339, 340. 

Sun's constitution, 217. 

Sun's (the) existence cannot be 
indefinitely long. 220, 325. 

Sun's mass over 700 times that 
of the planets, 194. 

Sun, physical description, 200. 

Sun's proper motion. 812. 

Sun's rotation-time about 25 
days, 200. 

Sun, Spectroscopic observations 
of the, 340. 

Sun-spots and faculae, 200, 206. 

Sun-spots are coufined to certain 
parts of the disk, 208. 

Sun-spots, their nature, 209, 340. 

Sun-spots, their periodicity, 211. 

Superior planets (defined), 99. 

Swedenborg's nebular hypothe- 
sis, 323. 

Swift's supposed discovery of 
Vulcan, 226. 

Symbols used in astronomy, 11. 

Telescopes, 66, 387. 

Telescopes (reflecting), 66. 



Telescopes (refracting), 00. 
Tempel's comet, its relation to 

November meteors, 278. 
Temporary stars, 298. 
Tides, 126. 
Total solar eclipses, description 

of, 212. 
Transit instrument, 70. 
Transits of Mercury and Venus, 

225. 
Transits of Venus, 168. 
Triangulation, 150. 
Tropical year, 154. 
Twilight, 172. 
Tycho Bbahb observes new star 

of 1572, 299. 
Umtenal gravitation discovered 

by Newton, 121. 
Universal gravitation treated, 

113. 
Uranus, general account, 258. 
Variable and temporary stars, 

general account, 296. 
Variable stars, theories of, 299. 
Velocity of light, 179. 
Venus's atmosphere, 224. 
Venus, its apparent motions, 22L 
Vernal equinox, 87. 
Vulcan, 226. 
Watson's supposed discovery <A 

Vulcan, 226. 
Weight of a body defined, 148. 
Wilson's theory of san-spot% 

210. 
Winter solstice, 89. 
Tears, different kinds, 188. 
Zenith defined, 17. 
Zodiac, 90. 
Zodiacal light, 272. 
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Technology, and Prof. E. B. Wilson, of Columbia College. {Sept., '95.) 

8. Psychology. By William Jamrs, Professor in Harvard College. 2 vols. 

Advanced Course, 6894-704 pp. 8vo. $4.80 net. 
The same. Briefer Course. 478 pp. z2mo. $1.60 net, 

9. Physics. By George F. Barker, Professor in the University of Pennsylva- 

nia. Advanced Course. 902 pp. 8vo. $3.50 »^/. 

10. Geology. By Thomas C. Chamberlin and Rollin D. Salisbury, Professors 

in the University of Chicago. (In Preparation.) 



IfRMRY HOLT ^ CO:S WORLTS Olf SCIENCE. 



Allen's Laboratory Exercises in Elementary Phys!cs. By Charles R. 
Allen, Instructor in the New Bedford, Mass., High School. 
Pupils' hdition: x + 209 pp. i2mo. 80c., net. (Teachers* 

Edition : § i . 00 , net.) 

Arthur, Barnes, and Coulter's Handbook of Plant DissecHon. By J. C. 

Arthur, Professor in Purdue University, Charles R. Barnes, 
Professor in University of Wisconsin, and John M. Coulter, 
President of Lake Forest University, xi-l-256 pp. lamo. 
$1.20, net. 

Barker's Physics. See American Science Series. 

Beal's Grasses of North America. For Farmers and Students. By 

W. J. Hkal, Professor in the Michigan Agricultural College. 
2 vols. 8vo. Copiously illustrated. (December ^ 1895.) 

Bessey's Botanies. See American Science Series. 

Black and Carter's Natural History Lessons. By George Ashton 

Black, Ph.D., and Kathleen Carter. (For very young 

pupils.) x-j-ySpp. i2mo. 50c., «^/. 

Bumpus's Laboratory Course in Invertebrate Zoology. By Herhon C. 

Bum PUS, Professor in Brown University, Instructor at the Ma- 
rine Biological Laboratory, Wood's Hell, Mass. Revised. vi + 

157 pp. i2mo. $1.00, net, 

Cairns's Quantitative Chemical Analysis. By Frederick A. Cairns. 
Revised and edited by Dr. E. Waller. 279 pp. 8vo. $1.60, 

net. 

Champlin's Young Folks' Astronomy. By John D. Champlin, Jr., 

Editor of Champlin'' s Youn^ Folks* Cyclopedias. Illustrated, vi 
-|- 236 pp. iCmo. 48c., net. 

^Crozier's Dictionary of Botanical Terms. By A. A. Crozier. 202 pp. 

8vo. $2.40, net. 

Hackel's The True Grasses. Translated from '*Die natfirHchea 

Pflanzenfamilien " by F. Lamson-Scribner and Effie A. South- 
worth. V -f- 228 pp. 8vo. $1.35, w^f^ 

Hall's First Lessons in Experimental Physics. For young beginners, 

with quantitative work for pupils and lecture-table experiments 
for teachers. By Edwin H. Hall, Assistant Professor in Har- 
vard College, viii -[- 120 pp. i2mo. t^^.^net. 

Hall and Bergen's Text-book of Physics. By Edwin H. Haix, Assist- 
ant Professor of Physics in Harvard College, and Joseph Y. 
Bergen, Jr., Junior Master in the English High School, Boston. 

xviii-l-388 pp. i2mo. $1.25, net. 



Postage 10 per cent additional on net books. DescripHvt Usifne* 



HENRY HOLT ^ CO:S WORKS ON SCIENCE. 
Hertwlg's General Principles of Zoology. From the Third Edition of 

Dr. Richard Hertvvig's Lehrbuch der Zoologie. Translated and 
edited by George Wilton Field, Professor in Brown Univer- 
sity. About 200 pp. 8vo. {October, '95.) 

Howeirs Dissection of the Dog. As a Basis for the Study of Physi- 
ology. By W. H. Howell, Professor in the Johns Hopkins 
University. 100 pp. 8vo. $1.00, ttet. 

Jackman's Nature Study for the Common Schools. By Wilbur S. Jack- 
man, Teacher of Natural Science, Cook County Normal School, 
Chicago, 111. x4-448pp. i2mo. $1.20, w^/. 

Kerner & Oliver's Natural History of Plants. From the German of 
Anton Kerner von Marilaun, Professor of Botany in the 
University of Vienna, by F. W. Oliver, Quain Professor of 
Botany in University College, London, with the assistance of 
Marian Bush and Mary E. Ewart. 4to. 2 vols., each bound 
in two parts. $7. 50 a vol. , fiet. ( Vol. J ready; Vol. If ready soon,) 

Macalister's Zoology of the Invertebrate and Vertebrate Animals. By 

Alex. Macalister. Revised by A. S. Packard. 277 pp. 
l6mo. 80 cents, net. 

MacDougars Experimental Plant Physiology. On the basis of Dels' 

Pjianzenphysiologische Versuehe. By D. T. MacDougal, Uni- 
versity of Minnesota, vi -}- 88 pp. 8vo. %\.oo, net. 

Macloskie's Elementary Botany. With Students' Guide to the Exam- 
ination and Description of Plants. By George Macloskie, 
D.Sc, LL.D. 373 pp. i2mo. $1.30, net. 

McMurrich's Text-book of Invertebrate Morphology. By J. Playfair 
McMurricii, M.A., Ph.D., Professor in the University of Cin- 
cinnati, vii ■\- 661 pp. 8vo. $4.00, net. 

McNab'S Botany. Outlines of Morphology, Physiology, and Classi- 
fication of Plants. By William Ramsay McNab. Revised by 
Prof. C. E. Bessey. 400 pp. i6mo. 80c., net. 

Martin's The Human Body. See American Science Series. 

*Merriam's Mammals of the Adirondack Region, Northeastern New 
York. With an Introductory Chapter treating of the Location 
and Boundaries of the Region, its Geological History, Topogra- 
phy, Climate, General Features, Botany, and Faunal Position. 
By Dr. C. Hart Merriam. 316 pp. 8vo. $3.50, net. 

Newcomb & Holden's Astronomies. See American Science Series. 

^Noel's Buz ; or, The Life and Adventures of a Honey Bee. By 
Maurice Noel. 134 pp. i2mo. $1.00. 

Noyes's Elements of Qualitative Analysis. By William A. Noyes, Pro- 
fessor in the Rose Polytechnic Institute, x + 91 pp. 8vo. 
80c., net. 



Postage 10 per cent additional on net books. Descriptive list free* 
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HENRY HOLT <Sr» CO:S WORKS ON SCIENCE, 



i^i Packard's Entomology for Beginners. For the use of Young Folks, 

Fruit-growers, Farmers, and Gardeners. By A. S. Packard. 
xvi + 367 pp. 12010. Third Edition^ Revised, %\,^d^ net. 

Guide to the Study of Insects, and a Treatise on those Injurious 



and Heneficial to Crops. For the use of Colleges, Farm-schools, 
and Agriculturists. By A. S. Packard. With fifteen plates 
i and six hundred and seventy wood-cuts. Ninth Edition, xii 

j| i +715 PP' 8vo. $4.50, net, 

I Outlines of Comparative Embryology. By A. S. Packard. Copi- 

I ously illustrated. 243 pp. 8vo. $2.00, net, 

Zoologies. See American Science Series. 



Remsen's Chemistries. See American Science Series. 



Scudder's Butterflies. By Samuel H. Scudder. x 4-322 pp. i2ino. 

f $1.20, net. 

Brief Guide to the Commoner Butterflies. By Samuel H. Scudder, 



f -_ — — J — — ____ — _ — , 

\: author of *' Butterflies of the Eastern United States and Can- 

ada," etc., etc. xi -[- 206 pp. i2mo. $1.00, net, 

The Life of a Butterfly. A Chapter in Natural History for the 

General Reader. By Samuel H. Scudder. 186 pp. i6mo. 

80c., net, 

Sedgwicl( & Wilson's Biology. See American Science Series. 

*Step's Plant Life. By Edward Step. Popular Papers on the 
Phenomena of Botany. i2mo. 148 Illustrations. $1.00, net. 

Underwood's Our Native Ferns and their Allies. With Synoptical De- 
scriptions of the American Pteridophyta North of Mexico. By 
LuciEN M. Underwood, Professor in DePauw University. 

Revised, xii -\- 156 pp. i2mo. $1.00, net, 

\ Williams's Elements of Crystallography. By George Huntington 

Williams, late Professor in the Johns Hopkins University. 
x-j-27opp. i2mo. Revised and Enlarged. %i.2Sy net, 

Williams's Geological Biology. An Introduction to the Geological 

History of Organisms. By Henry S. Williams, Professor of 
Geology in Yale College. 8vo. About 300 pp. (Oct,, '95.) 

Woodhuirs First Course in Science. By John F. Woodhull, Pro- 
fessor in the Teachers' College, New York City. 

/. Book of Experiments, xiv + 79 pp. 8vo. Paper. 50c., if ^/. 
//. Text'Book. XV + 133 pp. i2mo. Cloth. 65c., net, 
III. Box of Apparatus. $2, net {actual cost to the publishers), 

Zimmermann;s Botanical Microtechnique. Translated by James Elus 

Humphrey, S.C. xii + 296 pp. 8vo. $2.50, »^/. 



Postage 10 per cent additional on net books. Descriptive Ust free, 
HENRY HOLT & CO., 29 West 23D St., New York. 

September, 1 895. 
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